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ABSTRACT 
 
 
Fused Deposition Modelling (FDM) is a rapid prototyping system that produces 
physical models directly from the computer aided design (CAD) drawings. These 
models can be used to evaluate the assembly and the functionality of the design, also 
producing a manufacturing tools, and end-use parts. Parts built with production-grade 
thermoplastics that match the traditional machined parts, and according to the real-
world conditions. FDM can produce instantly functional parts that used mainly in 
medical and automotive applications, with the use of reverse engineering techniques 
such as engineering scanning or digitizing systems. Knowledge of the quality 
characteristics of FDM fabricated parts is crucial. Quality significantly depends on 
process variable parameters. Optimizing the process parameters of FDM can make the 
system more precise and repeatable and such advancement can lead to use of FDM in 
rapid manufacturing applications rather than only producing prototypes. The part 
building is influenced by variant processing conditions. Thus, FDM process variable 
parameters are required to be collectively optimized rather than individually. In order to 
understand this issue, this study presents results of the experimental work on the effect 
of the main FDM process variable parameters of layer thickness (A), air gap (B), raster 
width (C), contour width (D), and raster orientation (E) on the quality characteristics of 
surface roughness (Ra), dimensional accuracy (DA), and tensile strength (TS). Previous 
studies have investigated the quality characteristics but limited knowledge is available 
on FDM newly improved materials. Thus, the new ABS- M30i biomedical material was 
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used in this experimental work to build parts. To conduct this study, a full factorial 
experiment was used to obtain the test runs. A number of analytical methods such as 
regression analysis, Analysis of Variance (ANOVA), and Pareto analysis were used to 
determine the influence of the variable FDM process parameter settings. Results show 
that these process parameters have significant effect on the quality of finished products. 
For example, it has been found that the surface roughness and tensile strength of 
processed parts are greatly influenced by the air gap parameter as it affects the part’s 
beads structure, because it overlapping the material beads and consequently strengthen 
the beads bonding, and reduce the voids between the beads. Scanning Electron 
Microscope (SEM) work has been undertaken to characterise the experimental results. 
The results will be important for FDM produced parts in different functional 
applications as rapid manufacturing becomes increasingly accepted. 
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Chapter one  INTRODUCION 
 
1.1 Introduction 
In consumer products, the trend is gradually leading towards preferring sensitivity and 
aesthetic product factors over functional parts. Using only digital data, such as CAD 
models and virtual reality, is not sufficient to reflect sensitivity effects in the design 
stage of the manufacturing process. As a person can touch and feel natural objects, the 
role of physical models is expanding. An advanced technology that can efficiently form 
3D physical models has been introduced to meet this demand (Jacobs, 1996). Rapid 
prototyping (RP) is a manufacturing technology that fabricates 3D physical models 
directly from 3D CAD data using a layered manufacturing (LM) process that stacks and 
bonds thin layers in one direction. In comparison with the previous numerically 
controlled (NC) manufacturing technology, RP can fabricate models with complex 
shapes without geometric restriction under controlled work conditions. Hence, the 
manufacturing technology has been widely applied in various fields, from industrial 
products to medical appliances. Stereolithography (SLA), selective laser sintering 
(SLS), fused deposition modelling (FDM), and laminated object manufacturing (LOM) 
are representative RP technologies (Lee, 1999; Chua et al., 2003). According to 
Wohler’s Report 2004, from 1995 to the present, over 11,300 rapid prototyping machine 
systems have been purchased and widely employed in new product developing 
processes.  
Principally, the key properties of RP build parts are: surface roughness, dimensional 
accuracy and mechanical properties. Numerous research studies have been invested in 
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improving these RP part properties as they are considered the essential aspects of 
product performance and strength.  Surface finish is considered as a vital feature and 
parts must be prepared in line with the product finishing specifications. However, there 
are certain materials for which it is difficult to meet the specifications, thus an optimum 
and achievable choice of material and application conditions is essential. Consequently, 
the operating conditions that optimally suit a material must be employed and their 
characteristics have to be taken into account. The surface finish of parts obtained 
through these manufacturing processes is important, especially in cases where the 
components are in contact with other elements or materials in their service life. For 
example building moulds to produce components by means of Solid Free Form 
Manufacturing Processes, or cases of other functional components where their surface 
characteristics will have a considerable effect on their mechanical properties such as 
fatigue, wear, and corrosion. Therefore, it is important to have prior knowledge, by 
means of conceptual models, of the manufacturing process parameters that allow the 
user to predict the surface finish of manufactured prototypes (Ahn et al., 2004) (Reeves 
and Cobb, 1997). In related studies, McClurkin, (1997) and Kruth et al., (1998) it was 
agreed that dimensional accuracy of RP systems is still a significant obstacle that is 
preventing RP technology moving towards becoming a primary production process. 
Dimensional accuracy is extremely important in any product-development cycle as it 
directly affects part functionality. Similarly, in Gregorian et al. (2001) study it was 
stated that the overall inaccuracy of the parts being built by RP technology is one of the 
major challenges that needs to be overcome.  
Mechanical properties are essential key characteristics of RP systems when considering 
RP to produce tooling or functional parts. Gregorian et al. (2001) states that, when RP 
was introduced in the beginning, the materials that were used in these processes to 
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produce components had low yield strength. However, through advancements in 
material science, the photopolymers and thermoplastics used now have much higher 
yield strengths.  
Fused Deposition Modelling (FDM) is a leading RP technology that is used for 
fabricating solid prototypes in various materials directly from a computer-aided design 
(CAD) data. The process fabricates 3-D parts from a build-up of 2-D layers. In this 
process, an Acrylonitrile-Butadiene-Styrene (ABS) thermoplastic polymer is extruded 
through a heated nozzle to deposit the layers. The quality and the strength of the FDM 
build parts are dependent essentially on the process parameters. The FDM systems 
available in the market are different in their build speed, build volume, range of 
parameter settings and build materials (Masood et al., 2010).  In order to understand the 
performance and the behaviour of FDM build parts, the influence of the process 
parameters on outcome quality of the build parts must be studied. Earlier studies 
including Masood et al., (2010) Mahapatra et al., (2009), and Ahn et al., (2002) have 
reported that FDM parameters such as layer thickness, air gap, raster width, and raster 
orientation were significantly impacting the quality characteristics of build parts. 
In relevant empirical studies, parametric optimization was used to develop the quality 
characteristics of FDM parts or the process performance where the number of FDM 
process parameters were studied and optimized. For instance, Lee at al., (2005) and 
Laeng et al., (2006) investigated the elasticity performance of ABS material. Similarly, 
Ahn et al., (2002) Ang et al., (2006), and Es-said et al., (2000) investigated the tensile 
strength of FDM parts. Anitha et al., (2001) optimized the FDM process parameters 
improving the surface roughness of build parts, while Gregorian et al. (2001), 
Pennington et al., (2005), Sood et al., (2010) and Wang et al., (2006) have looked into 
the dimensional accuracy of FDM parts. These previous studies investigated a single 
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outcome quality response while some studies were done in parametric optimization by 
investigating multiple quality objectives responses, such as Wang et al., (2007) Kumar 
et al., (2008) Masood et al., (2010) Mahapatra et al., (2009) and Antony, (2001). They 
suggested that building a functional part is attributed to various loading environments in 
practice. Consequently, process parameters require to be studied in such a way that they 
are collectively optimized simultaneously, rather than optimise a single quality 
response.  
In this research, multi-objective experimentation has been implemented where the key 
properties of FDM build parts; surface roughness, dimensional accuracy, and ultimate 
tensile strength were investigated. Five parameters were optimized; layer thickness (A), 
air gap (B), raster width (C), contour width (D), and raster orientation (E). In order to 
develop an experimentation plan the application of Design of Experiments (DOE) was 
used. Hence, the full factor design including 32 was chosen based on the number of the 
selected parameters and variable settings (levels).  
The full factorial design is a statistical method, which is used to develop an 
experimentation plan to reduce the cost and the time of the experiment whilst 
optimizing the number of variable parameters (Ross, 1996) (Glen, 1993). The full factor 
design uses the objective value as main effects, which is assigned as the quality 
characteristic weighting. The main effects used to obtain the optimal quality design. 
Further experimentation is then implemented to validate the results in order to confirm 
whether the experiment is successful (Hsiao et al., 2005), (Luo and Tzou, 2004). 
To evaluate the relationship between the input process variable parameters and the 
outcome response of quality characteristics, a number of analysis methods should be 
followed. In related context, Anitha et al., (2001) and Kumar al., (2008) have carried out 
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Signal to Noise ratio (S/N) and analysis of variance (ANOVA). Moreover, Reddy et al., 
(2007), Pignatiello (1993), Ziemian and Crawn III (2001), and Logothetis et al., (1998) 
used the regression analysis method to determine a multi-response experiment. 
However, these computational methods may not be adequate to determine the 
correlation between the predictors or process parameters and the proposed responses. 
Thus, in this research, multiple analysis approaches were used to correlate the responses 
comprehensively. Full factor analysis was used which implicates main effects and 
Analysis of Variance (ANOVA). Also, regression and Pareto analysis were 
implemented to compute the contribution of each process variable parameter. Moreover, 
Pareto chart and normal plot methods were used to confirm the optimum parameters and 
the interactions between the parameters and also to compare the influence of the process 
parameters and interactions on each response. Also a maximum number of 32 
experimentation runs were selected in order to examine more parameters levels 
combinations. The number of the experimentation runs was proposed according to the 
number of factors and levels involved in this study, and considering the cost the timing 
of the experiment.  
1.2 Contribution of this research 
After reviewing research papers relevant to the area of research, which focus on FDM, 
process parameters optimization, it became apparent that variable process parameters 
contribute to the characteristics of parts, as well as its accuracy response. Many 
researchers tend to evaluate process parameters in FDM to satisfy the functional 
requirements of the manufacturing process such as accuracy, build time, strength, and 
efficiency of the process. From previous investigations, it has been agreed that the 
evaluation of parameters can lead to the improvement of the process of FDM. Thus, the 
identification of the significant factors in the FDM build process can lead to the 
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development of a more precise and repeatable process. Consequently, the quality 
characteristics of building parts can be more accurate and predicted, since prototypes 
are used as a master pattern in secondary manufacturing processes or as a final part.  
This research attempts to identify key parameter settings that influence output response 
according to their desired build preferences. Hence, the FDM process can be made more 
efficient, whilst developing a manufacturing process plan that offers comprehensive 
data to the FDM users to predicted output response characteristics. Future experiments 
and evaluation of parameters will lead to the creation of knowledge system based on 
data in order to provide recommendations for optimal process variable settings and 
according to the design preferences, such as reducing building time and cost, increasing 
tensile strength or minimizing surface roughness of processed FDM parts. 
 
1.3 Aim of research 
To determine the optimum parameter settings of Fused Deposition Modelling (FDM) 
that impact on and improve the output quality characteristics, namely: average surface 
roughness (Ra), dimensional accuracy (DA), and ultimate tensile strength (UTS).  
1.4 Objectives of the research 
 To review previous and similar studies on FDM and other rapid prototyping 
systems 
 To study and learn FDM process characteristics and the variable parameters. 
 To design and produce the experimental parts 
 To apply the Design of Experiments (DOE) analysis. 
 To analyze experimental and make conclusions based on predicted results. 
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1.5 Importance of research to the society, wealth and knowledge creation 
The research attempts to provide the knowledge that contributes to the industrial 
businesses to produce robust end-parts that able to perform in real conditions. Also 
allow improving the strength of the FDM processed parts while maintaining sufficient 
surface quality and dimensional accuracy in order to act in certain manufacturing 
applications or as final products. Studying the process parameters of the FDM in this 
research can deliver to beneficial information that minimize the lead-time of building 
parts by reducing the time of adjusting parameters settings and selecting between 
building requirements such as building time, surface quality, or part strength.  
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Chapter two    LITERATURE REVIEW 
 
2.1 Background of the research 
Global competition and rapidly changing customer requirements are demanding 
increasing changes in manufacturing environments. Mezian et al. (2000) states that the 
growing complexity of industrial manufacturing and the need for higher efficiency, 
greater flexibility, better product quality and lower cost have changed the face of 
manufacturing practice. Similarly, Tseng et al (1998) added that a short product 
development cycle is crucial to the survival of the company as it enables the company to 
deliver new products to the market quickly. Therefore a huge global effort has been 
striving to develop new technologies that can provide the ability to overcome the 
obstacle of lack of computational capabilities. Hence, mastering the art of rapidly 
prototyping components, sub-assemblies, and products is crucial for any product 
development cycle. The keys of regaining competitiveness in most design and 
manufacturing in the industrial world are: quality, productivity, reduced cost, customer 
satisfaction, and responsiveness in delivering new products to the market.    
The American automotive industry is known as the primary motivator to the earlier 
efforts to develop processes that are able to produce physical components quickly. In 
the early 1980s, a step change occurred with the emergence of three-dimensional 
computer aided design (CAD) systems. The goal of shorter product lead times and more 
individually styled products came within sight as the concept of “free form fabrication” 
(FFF) or “rapid prototyping” (RP) began to emerge as a substitute process to the 
ordinary processes, which were on the manufacturing floor in the past. Commercial RP 
systems began to appear in the USA in the late 1980s and have dominated the global RP 
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market for 20 years. Then other, alternative systems were developed worldwide, as in 
Japan, Germany, Russia, and China (Upcraft and Fletcher, 2003). 
Rapid prototyping has become a technology that revolutionized the design and 
manufacturing of new products. This technology is being used to fabricate physical 
solid models for early verification of concepts, for example form, fit, and function, as 
well as reducing lead times for product development. 
Kruth et al., (1998) reported that since the emergence of the first Stereolithography 
(SLA) RP system in 1988, 2234 RP systems with about 20 different types of processes 
were in operation around the world by the end of 1996. By the end of 1997, RP system 
manufacturers had sold a total of 3289 systems around the world. In the early days of 
RP, the automotive and aerospace industries dominated RP applications. Rapid 
Prototyping (RP) became a powerful technology that assists companies to remain 
competitive and be on the leading edge of product innovation and development, since 
RP techniques allow prototypes of many complex parts to be made more quickly and 
cheaply than when using conventional manufacturing processes. Onuh, (2001) carried 
out a study that outlined the key concepts and enablers of agile manufacturing, and 
stated that the emergence of reverse engineering (RE) enabled of the integration of RP 
into manufacturing. The use of a laser scanner, robots on manufacturing and assembly 
lines, and a Co-ordinate Measurement Machine (CMM) to capture the model data and 
transfer it to CAD software for editing before the generation of STL files can all be 
viewed as successful iterations for integrating manufacturing systems. The process 
cycle of an RP system as stated by Kulkarni et al (2000) is shown in Figure 2.1. Also, 
Noorani (2006) identified Rapid tooling (RT) as a technique driven by rapid 
prototyping. Typically RT is used to describe a process that either uses a Rapid 
prototyping (RP) model as a pattern to create moulds quickly or uses the rapid 
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prototyping process directly to fabricate tools for a limited volume of prototypes. 
Upcraft and Fletcher, (2003), Radstok, (1999), Ferreira et al., (2006), Guanchun et al, 
(2004),(Folkestad and Johnson, 2002), Karapatis et al. (1998), Ingole et al. (2009), Ding 
et al. (2004), Khaing, (2001), King and Tancey (2002), Levy et al.,  (2003), Chua et al., 
(1999) and Wang et al., (1999) have all agreed that by combining RP and RT 
technologies during the product development phase can bring advantages such as 
reduced lead times (iteration numbers reduced), reduced costs (direct manufacturing 
savings and mistake avoidance), and improved quality (mistake avoidance). 
 
 
                 Figure 2.1 Cycle of an RP system. Source: Kulkarni et al., (2000) 
 
This integration could incorporate the concept and tooling review into one development 
phase and allow both design and manufacturing requirements to be identified. 
Watermans and Dickens (1994), Yan and Gu, (1996), Pham and Gault (1998), Ashley 
and Steven, (1995), Upcraft and Fletcher (2003) and other researches claimed the 
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benefits of RP technologies in their report that can cut new product introduction cost by 
up to 70% and the time to market by up to 90%.  
RP is a generic term for a number of technologies that enable components to be 
produced without the need of conventional tooling in the first instance or indeed without 
the need to engage the services of skilled model-makers. The rapid prototyping 
technologies allow producing accurate parts directly from CAD models, with fewer 
requirements for human intervention. Furthermore, rapid prototyping applications 
provide the designer the freedom to produce physical models directly from their 
drawings, hence allowing them to evaluate the assembly and the functionality of the 
design, moreover discussing downstream manufacturing issues with an easy to interpret, 
unambiguous prototype.  
Therefore, errors can be minimized and alterations are possible in the earlier stages of 
product development cycles, while cost and lead-time are reduced. Also, form, fit and 
function tests can be evaluated in the earlier stages of design development cycle 
associated with a physical prototype model. Moreover, it can eliminate the amount of 
wasted manufacturing time, retooling, and rework. Hence, the initial building of a 
physical model can decrease errors from inaccurate interpretation of the 3D CAD 
design. This means that RP has improved the ability to visualize the part geometry 
according to its physical existence. Furthermore, it increases the capability to compute 
mass properties of components and assemblies. In the past decade, the traditional 
method of prototyping the part has been reliant on machining, which may require 
several days to several weeks, according to the complexity and the availability of 
materials, equipment and labour.  
A Number of rapid prototyping systems such as Stereolithography (SLA), Fused 
Deposition Modelling (FDM), and Selective Laser Sintering (SLS) are able to produce a 
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prototype directly from many commercial CAD systems. Furthermore, RP systems give 
a natural extension to the rapid manufacturing concept; hence RP can produce 
functional parts directly from CAD systems.  
As mentioned previously, RP has a significant global influence on design and 
manufacturing. Thus, the product development cycle is shortened from weeks or more 
in past decades. The RP concept is expanding the rapid tooling and rapid manufacturing 
areas, thus the rapid prototyping, tooling and manufacturing (RPTM) term is commonly 
used in modern industry worldwide, (Kai, 1997). Furthermore, some RP systems can be 
operated as desktop system. The common terms are desktop manufacturing, direct CAD 
manufacturing or instant manufacturing.  Also, due to its operation to construct the parts 
layer by layer, another group of terms are used; layered manufacturing, material 
deposition manufacturing and material additive manufacturing. Eventually, a group of 
terms for RP systems emerged that emphasis the words ‘solid’, ‘freeform’, and 
‘fabrication’. These groups include: ‘solid freeform fabrication’ and ‘ solid freeform 
manufacturing’, since, the word ‘solid’ is due to the final, 3D state of material of the 
produced parts from RP systems. Hence, initially the source materials can be powder, 
liquid, or solid, while the ‘freeform’ term expresses the ability of RP to construct a part 
model without constrains imposed by its geometrical complexity. The RP term also 
relates to ‘automated fabrication’ that described the new technologies for generating 3D 
object directs from computer files (Kruth, 1991). 
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2.2 Applications of rapid prototyping 
 
One of the purposes of RP technologies is the elimination of risk during the product 
development cycle. Some specific of RP applications are as follows: 
 
 Concept models 
RP techniques allow prototypes of many complex parts to be made more quickly and 
cheaply than ordinary manufacturing processes. Design teams can perform styling and 
ergonomic studies therefore they are able to check the prototype at an early stage in the 
product development cycle, then apply any important modifications to the design before 
producing tools. An RP part can be used as a communication tool and also provides 
engineering concept definition, not only for the design team specification, but also for 
other interested parties. For example, RP is used to perform form, fit and function 
testing, and also as a presentation parts to evaluate the response of targeted customers. 
 
 Functional or semi-functional components 
Some RP processes are used to produce functional parts that can be used directly at the 
assembly stage, and also may successfully perform as the final production part. On the 
other hand, some systems RP can produce parts with reduced physical properties, less 
materials usage and decreased mass. 
 
 Master patterns 
RP parts can be used as masters to create production tooling. For example, they can be 
used to produce masters for silicon rubber tooling, spray metal tooling, or masters for 
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epoxy tooling to be used in injection moulding, they can also be used as one-off patterns 
for investment casting moulds and as masters in sand casting foundries. 
 Direct tooling 
RP processes allow production tooling to be produced directly for some applications. 
“Soft” tooling that can only be used for low production volumes can be produced. Soft 
injection mould tools can be produced from polymers, that allows up to several hundred 
shots to be produced. “Hard” or volume production tooling can also be produced using 
new RP processes. In instance, injection mould tooling can be produced directly in a 
metal composite that may allow infinite number of shots (Upcraft and Fletcher, 2003). 
 
2.3 Rapid prototyping Technologies  
 
According to Woler’s Report 2002, RP is defined as “ a special class of machine 
technology that quickly produces models and prototype parts from 3-D data using an 
additive approach to form the physical models”. The novel approach of RP systems is to 
allow building a physical model layer by layer in a vertical, additive manner in contrast 
to conventional machining processes which subtract or remove material, thus more 
complex and difficult-to-machine models can be built by RP systems (Phan and Gault, 
1998).  In other words, RP is a generic term for a number of technologies that allow 
parts to be produced without the need for expensive conventional tooling in the first 
instance and without the need to deploy the services of skilled model-makers. 
Generally, most manufacturing processes are subtractive. This means that those 
processes require to modify the geometry of a mass of material by removing parts of the 
material until the final geometry is accomplished, which may be become difficult if it is 
required to create geometrical details in depth or internal surfaces.  
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By contrast, RP technologies are additive processes, where the RP parts are built 
gradually layer by layer until the final geometry is achieved. The starting point for RP 
process is the 3D CAD model, and a 3D definition is prepared and exported to fit the 
machine requirement of the specified RP technology. Various data inputs can be used in 
addition to CAD models to produced physical parts, for example, in medical 
applications with the use of magnetic resonance imaging (MRI) and computerized axial 
tomography (CAT) scanning and through reverse engineering techniques using 
engineering scanning or digitizing systems. All these data reformatted initially to 
stereolithography format (STL) as a commonly used format before being entered it into 
RP systems software. The STL file is sliced horizontally and each individual slice is 
then sent to the selected RP manufacturing process. The STL format is compatible to 
most RP systems. Subsequently, the RP system will slice the tessellated file (STL), and 
processing the sliced data in horizontal layers and construct the physical model layer by 
layer vertically as shown in Figure 2.2 (Upcraft and Fletcher, 2003). 
 
 
           Figure 2.2 The Three Stages of an RP system, Source: (Upcraft and Fletcher, 2003) 
The STL format contains unordered triangle facets representing the outer surface of the 
object. Triangular facets represented by X, Y and Z coordinates. An approximate model 
of the part can be generated where the STL file contains a facet model, which is created 
from a precise CAD drawing. Many available CAD models are not adequate enough to 
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generate the facet file. However there are some advantages of using the STL file. It is 
already a de facto standard that used in most CAD models and RP systems. Also it 
delivers a simple technique of representing 3D CAD data. In addition, it can allow small 
and accurate data files for specific shapes. 
Also there are some disadvantages of using the STL file. For example, the STL file data 
is much larger than the original CAD data file for certain given accuracy parameter. The 
STL file contains some redundant information such as duplicate vertices and edges. In 
addition, many commercial tessellation algorithms used by CAD vendors are not robust 
enough, hence a geometry flaws exists in STL file. This problem frequently requires a 
“software repair”, which affect the production cycle time and slow it. Finally, the 
consequent process of slicing large STL file can take many hours. However, some RP 
systems can process slicing while building the previous slice of the model, and this will 
reduce the problem of such disadvantage (Chua et al., 2010). 
 
Kruth, (1991) introduced a classification tree to describe rapid prototyping technologies 
and, as shown in the Figure 2.3, it explains that RP technologies are divided into 
categories, the material selection technologies being categorized into the state of the 
prototype material before part formation. The liquid-based technologies may involve the 
solidification of resin using a laser. In addition, some processes use powders to 
compound them using a laser or by selective binding application. Also, those processes 
that use solid sheets could be categorized according to whether the sheets are bonded by 
laser application or with an adhesive. (See Figure 2.3).  
 
Principally, the prototyping technologies consist of the following manufacturing 
processes: 
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 Curing process; a photo-sensitive polymer is exposed to a light source in order 
to solidify the polymer. i.e. Sterolithography, (SLA) 
 Sheet process; thin sheets of a material are cut and stacked layer by layer by 
adhesive. i.e. Laminated Object Manufacturing, (LOM) 
 Dispensing process; filament material is melted and subsequently deposited as a 
hot filament. i.e. Fused Deposition Modelling, (FDM) 
  Sintering process; a powdered material is sintered layer-by-layer using a laser 
beam. (i.e. Selective Laser Sintering, SLS). ( Upcraft and Flatcher, 2003). 
                 
 
                    Figure 2.3 Kruth’s Classification for RP systems, (Source: Kruth, 1991) 
The differences in the layering methods between RP systems have significant effects on 
the achievable accuracy, manufacturing time and building cost. The main differences in 
RP processes can be described in terms of four key process parameters: state of the raw 
material, energy source, layer forming method and state of the completed part. This is 
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shown in table 2.1. Hence, build part characteristics will vary according to which RP 
system is used (Xu et al., 1999). 
Additive processes rather than subtractive or formative processes make RP parts in 
conventional manufacturing, and they can have properties that are quite different from 
parts that are made by conventional means.  
Table 2.1 Differences of Four Key Process Parameters in SL, SLS, FDM and LOM. 
        Source: (Xu et al., 1999) 
RP 
Process 
   State of    
  material 
Type of 
energy 
source 
Layer 
forming 
method 
Condition 
of the 
green 
part 
SLA Liquid Laser beam Photo 
curing 
Immerse 
in liquid 
SLS Solid 
(powder) 
Laser beam Sintering Buried in 
powder 
FDM Solid 
(filament) 
Elect-
mechanics 
Fusion Exposed 
to air 
LOM Solid 
(sheet) 
Laser beam Cutting Dried in 
solid 
sheet 
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In order to understand the principles of RP processes, example of some RP systems will 
be discussed. 
 Stereolithography (SLA)  
The first commercial rapid prototyping system (SLA) was produced by 3D Systems Inc. 
in the late 1980s. SLA can be used to produce parts with complex geometry and with a 
surface finish that is comparable with many conventionally machined parts. SLA parts 
are mostly used as masters to produce silicon moulds for vacuum or injection moulding. 
The SLA uses the principle of liquid photopolymer solidification by laser, where a vat 
of polymer contains a platform on which the part is built. The platform has a 
mechanism to move up and down. When the operation is about to start, the platform 
moves to 0.050 - 0.250 mm below the surface of the liquid polymer. Subsequently, the 
laser begins to trace out the cross-section of one slice of the part that results in 
solidification of the liquid polymer. Then the platform moves down again the distance 
of one slice 0.050 - 0.250 mm of the part and the laser solidifies the next layer of liquid 
polymer. When the laser has traced all the slices, the platform is removed from the vat 
and then remaining liquid polymer is drained off the completed part. Finally, the 
completed part is then cured in an ultraviolet oven (Yan, 1996). Figure 2.4 is a 
schematic diagram of the principle of operation of the SLA. 
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Figure 2.4 SLA process. Source Yan, (1996) 
 Selective Laser Sintering (SLS) 
Selective laser sintering (SLS) uses the same geometry as SLA, except that SLS uses a 
CO2 laser to sinter or fuse a powder layer rather than solidify liquid photo-polymer. SLS 
permits the production of prototypes to be built in a variety of materials, therefore semi-
functional prototypes can also be produced directly. Parts of complex geometry can be 
made from the powdered materials.  However, the powder that is used as the base 
material, constrains the quality of the surface finish of the final part. The SLS process 
deposits powdered material layer by layer on a platform. A schematic of the SLS 
process is as shown in Figure 2.5. The CO2 laser beam is used to heat a cross-section of 
one slice of the part. Once the laser beam heats the powder, the influenced particles are 
sintered or fused together. Another layer of powder is then deposited on top of the first 
layer using a roller mechanism and another slice of the part is sintered onto the sintered 
material in the previous slice. The layer thickness of SLS is between 0.080 - 0.500 mm. 
The un-sintered power in each layer can work as a support structure for the part. Finally, 
when the part is built, the un-sintered material can be easily brushed off. The materials 
available for use in the SLS process include carbon steel with polymer binder, nylon, 
polystyrene, polycarbonate, investment casting wax, ceramics coated with binder, 
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zirconium sand coated with polymer, flexible elastomer and an increasing range of 
metals and their alloys. 
 
Figure 2.5 SLS process. Source: Upcraft and Fletcher (2003) 
 
 Fused Deposition Modelling (FDM) 
Fused Deposition Modelling (FDM) was introduced to the market in 1991 by Stratasys, 
FDM is a rapid prototyping process that integrates computer aided design, polymer 
science, computer numerical control, and extrusion technologies to produce three 
dimensional solid objects directly from a CAD model. The process starts with the 
creation of a part on a CAD system as a solid model or a closed surface model. The 
model is converted into an STL file using a specific translator on the CAD system. The 
STL file is then sent to the FDM slicing and pre-processing software called QuickSlice 
where the designer spends time in selecting proper orientation, creating supports, slicing 
and other parameters to prepare the model before sending to the FDM machine. A 
proper orientation of the STL model is necessary to minimize or eliminate supports. The 
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STL file is then sliced into thin cross sections at a desired resolution, creating an SLC 
file. Supports are then created, if required, and sliced (Masood, 1996). 
 
                                  Figure 2.6 Process of FDM. Source: (Ahn, et al.,2004) 
 
Supports can also be created as part of the CAD model and imported as part of the STL 
file. The sliced model and supports are then converted into a Stratasys modelling 
language (SML) file, which contains actual instructions code for the FDM machine tip 
to follow specific tool paths, called roads. The designer selects various sets and road 
parameters to make sure a proper SML file is created. The SML file is then sent to the 
FDM machine. 
In the physical process of fabrication, a filament is fed through a heating element as 
shown in Figure 2.6, and becomes semi-molten. The filament is then fed through a 
nozzle and deposited onto the partially constructed part. Since the material is extruded 
in a semi-molten state, the newly deposited material fuses with adjacent material that 
has already been deposited. The head then moves around in the horizontal x-y plane and 
deposits material according to the part geometry. The platform holding the part then 
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moves vertically downwards in the z-plane to begin depositing a new layer on top of the 
previous one. Once the part is finished and taken out, supports are carefully detached, 
and it is ready for use (Perez, 2002).   
Many materials can be used in the FDM process, including investment casting wax, 
polyester and elastomer. FDM systems can also build parts with acrylo-nitrile butadiene 
styrene (ABS). The layer thickness can be adjusted from 0.050 – 0.250 mm generally, 
however it depends on the model of FDM machine and the material being used in the 
process. The application range of FDM comprises conceptual modelling, functional 
applications and models for further manufacturing procedures, such as investment 
casting and injection moulding. The FDM process has the many advantages including a 
great variety of materials available, easy change of materials, low maintenance costs, 
ability to manufacture thin parts, unattended operation, absence of toxic materials and 
very compact size. On the other hand, it presents some disadvantages in that there is a 
seam line between layers, the extrusion head must continue moving or else the material 
bumps up, supports may be required, part strength is weak perpendicular to the build 
axis, increased area in slices requires longer build times and temperature fluctuations 
during production could lead to delamination (Perez, 2002). 
 FDM incorporates some applications as following: 
 Producing concept models that allow effectively evaluating, optimizing and 
communicating the user design. Also sharing new designed products with 
management, customers, sales, marketing and manufacturing.  
 FDM functional prototypes use industrial-grade thermoplastics. This advantage 
can allow the FDM user to test in real environment and lead to decisions that 
implicate the cost of producing the product. 
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 FDM can produce manufacturing tools such as jigs, fixtures, assembly aids and 
production tooling within hours, without machining or tooling. FDM can reduce 
the time to produce assembly tool by up to 85%. 
 FDM manufacturing smaller quantities parts without machining parts or cutting 
tool for moulding in order to reduce lead-time. 
 Direct Digital Manufacturing (DDM) such as FDM system uses engineering-
grade thermoplastics to built accurate and durable parts that reach the strength of 
injection moulding parts. 
In Addition, Statasys reported several contributions for FDM machine in different 
businesses, such as medical manufacturing companies, where allow to customize a part 
for patient or produce a new surgical instrument, or running a short production for 
displaying, testing or performing certain clinical trials. In Figure 2.7, an example of 
medical instrument manufactured using FDM system. Surgical instrument was designed 
and made from polycarbonate (PC) using FDM FORTUS product by Medtronic’s 
prototype lab. The instrument combined two tools into one tool and strong enough to fit 
into it a stainless steel screw. Also, FDM productions involve in the automotive 
manufacturing businesses where using FDM technology to create functional prototypes, 
assembly tools, test physical models of their designs and build jigs and fixtures, or 
replacement parts. In Figure 2.8 and Figure 2.9, an example gauge pod for a motorcycle 
produced by Klock Werks Kustom Cycles Company using FDM FORTUS, the gauge 
was produced by polycarbonate material. 
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 Figure 2.7 Painted polycarbonate gauge pod installed directly on the bike. 
 
Figure 2.8 Gauge pod built from Polycarbonate. 
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Figure 2.9 Painted polycarbonate gauge pod installed directly on the bike. 
 
 
2.4 Research and development in Rapid Prototyping  
The development of key properties such as dimensional accuracy, surface roughness 
and the mechanical properties of RP parts is crucial to evolving RP applications to 
produce functional parts rather than only producing prototypes and to minimizing any 
excessive post-processing.  
 
2.4.1 Dimensional accuracy 
Rapid Prototyping (RP) is the manufacturing of a physical, three-dimensional part of 
arbitrary shape, directly from a numerical description by a rapid, highly automated, and 
flexible process. RP technology has significantly contributed to manufacturing industry, 
particularly by reducing the time to produce prototype parts and improving the 
capability to visualize part geometry. The physical prototype provides the ability for 
earlier detection and minimizing design errors and the capability to compute mass 
properties of components and assemblies. Dimensional accuracy of RP systems is still a 
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significant obstacle preventing RP technology moving towards becoming a primary 
production process (Kruth et al., 1998).  
Also, dimensional accuracy is extremely important in any product development cycle as 
it directly affects part functionality. The relative importance of the accuracy of various 
part features is attainable from designer defined tolerances (Gregorian et al., 2001). 
Dimensional accuracy can be defined as the deviation of the geometry from the 
progenitor CAD model to the real part (Choi and Samavedam, 2002). The thermoplastic 
ABS material used in FDM machines experiences a volume change when it is heated 
and then extruded onto a build platform. RP parts tend to shrink from their given 
dimensions in the CAD model according to the heating and cooling processes during 
depositing of the layers. Consequently, after producing an RP part, it become smaller or 
looses its desired dimension as designed in 3D CAD.   
Most rapid prototyping systems use the de-facto standard STL CAD file format of solid 
representation to define the solid parts to be built. However, STL files pose the 
problems of dimension, form and surface errors resulting from approximation of three-
dimensional surfaces by triangular facets. Although, a large number of facets can be 
used to reduce these errors, doing so will result in a large data file and longer part build 
time. Errors that occur during the building are mainly in the manufacturing control 
factor setups. Different parameter setups will generate different machining accuracy and 
build times (Zhou, 2001). 
According to Table 2.2 and 2.3, the accuracy varies considerably and depends on the RP 
technology used and also on which dimension is being measured. Using this raw data, 
the average (un-weighted) linear dimensional accuracy for the different technologies is 
detailed in Table 2.3. It can be seen that no process has a dimensional accuracy of more 
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than 97.8%, which is the percentage of the average dimensions of actual model from 
referenced dimensions in CAD model. 
 
 
Table 2.2 Geometric feature related inaccuracy sources in RP. Source: (Xu et al., 1999) 
 
 
Table 2.3 Average of linear dimensional accuracy for different RP technologies. Source:                  
(Upcraft and Fletcher, 2003) 
 
 
 
RP models can suffer from warpage. Hence the RP user must consider the linear 
dimensional inaccuracy and warpage of RP models when considering possible 
applications for the RP parts. In RP technology advancement, dimensional accuracy 
became a key characteristic to be studied in both academic and industrial fields since the 
emergence of RP systems.  
McClurkin, (1997) and Kruth et al., (1998) agreed that dimensional accuracy of RP 
systems is still a significant obstacle preventing RP technology moving towards 
becoming a primary production process. Dimensional accuracy is extremely important 
in any product development cycle as it directly affects part functionality. Similarly, 
Gregorian et al. (2001) states that the overall inaccuracy of the parts being built by RP 
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technology has been one of the major challenges that need to be overcome. Errors due 
to shrinkage and warpage dominate the inaccuracy of the part. The relative importance 
of the accuracy of various part features is attainable from designer defined tolerances.  
In RP system advances, several methodologies were applied to improve the dimensional 
accuracy of parts. Process planning of RP systems, such as data file correction, slicing 
data improvement, support structure generation and path planning has been investigated 
to improve the parts accuracy. Such investigations were done by authors such as 
Sabourin et al., (1997), (1996),Tyberg and Bohn (1999) and Pandey et al., (2003).  
Also, Mohesh et al., (2004) and lppolito et al., (1995) studied the part accuracy 
characteristics, consequently a geometrical benchmark part was proposed, designed and 
fabricated for the performance evaluation of rapid prototyping machine processes. 
Another aspect of accuracy improvements is parametric error compensation, whereby a 
predicted model is produced then measured. Once the accuracy errors are determined 
proportionally to the designed model in CAD, then the software or the slice file will be 
modified to compensate the error due to shrinkage which occurred when part becomes 
completely built or after the post-processing stage. Tong et al., (2003) investigated the 
compensation of STL files in SLA, while Tong et al., (2008), studied the same method 
in FDM; Gregorian et al. (2001) had used the Shrinkage Compensation Factor (SCF) 
approach in improving FDM parts accuracy, that determined the amount an object may 
be scaled so that it can achieve the desired design dimensions during the shrinking 
process. In addition, some researches tend to improve the part accuracy by determining 
the optimal part orientation on the platform of the RP system, since it has been agreed 
that build part orientation significantly impacts the part accuracy. These studies reported 
by Lan et al. (1997), Alexander et al., (1998), Thrimurthulu et al., (2004), Xu et al., 
(1999) and Cheng et al. (1995) have agreed that in rapid prototyping systems, such as 
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SLA and FDM, the orientation of the part during fabrication is crucial as it can affect 
part accuracy, reduce the production time, and minimize the requirement for supports 
and, therefore, reduce the cost of building the model.  
These researchers emphasise the determination of the optimal part-building orientation 
that include other objectives such as part accuracy and build time. Hence their 
methodologies have been developed on the basis of known sources of errors affecting 
part accuracy and the requirements of the optimal orientations during the building of a 
model. In a similar development, other researchers have also focused on the 
optimization of RP process variables that affect part accuracy in order to obtain RP 
process optimal settings.  
The usage of such methodologies requires a design of experiment (DOE) approach to 
generate an experimentation plan based on number of runs, where each run uses a 
combination of set factors at different levels to evaluate the effect of each variable 
factor and level on the par quality. The sequential procedure of a particular 
methodology is used to find the relationship between process variables and the resultant 
part accuracy. Once response data is obtained, parametric tuning is then applied to 
achieve the best part accuracy.  Onuh and Hon (2001), McClurkin and Rosen, (1998) 
and Zhou et al., (2000) carried out investigations on process parameters in SLA, while 
Zmienan and Crawn (2001) and Pennington et al., (2005) studied process variables of 
FDM and their effects on part accuracy. Similarly, Yang et al. (2002) investigated the 
optimal parameters for SLS. 
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2.4.2 Surface roughness 
Surface finish is crucial in many applications and finishing operations are used to 
determine a surface finish. However, there are certain materials which are difficult to 
process in finishing operations. Thus an optimum choice of materials to match 
application conditions is essential at an early stage, Also it is very important that the 
characteristics required in the produced components should have been determined 
before the build operation starts. Consequently, the operating conditions that optimally 
suit the materials must be employed and their characteristics should be taken into 
account. The surface finish of parts obtained through these manufacturing processes is 
often crucial.  
Reeves and Cobb (1997) and Upcraft and Fletsher (2003) agreed that surface quality is 
affected significantly according to the intrinsic characteristic of various rapid 
prototyping processes. The RP process is essentially inherent to layered manufacturing; 
the surface finish of the RP part is certainly rough according to the layer by layer 
building process. The defect is excessive on any inclined surfaces of parts, this is known 
as the “stair stepping effect.” Consequently, in some cases the surface finish of RP parts 
is not adequate for engineering purposes. For this reason, surface roughness is a key 
issue in RP to be investigated and developed. (Ippolito et al., 1995) (Reeves and Cobb, 
1997) (Mahesh et al., 2004). The thickness (h) of each layer of the RP part associated 
with the build angle of the surface (α) produce a staircase effect as shown in Figure 
2.10. For α= 90° this component of surface roughness is zero, however for different 
values of α, the surface roughness will be affected. This thickness component of 
roughness is basically independent of the RP process used. The end profile of each layer 
then adds a second component of roughness to the surface.  This component 
fundamentally depends on the RP technology used to produce the layer (Perez, 2002). 
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The material composition will then add a third roughness component to the surface. 
This component will depend on the material used in the RP process and the processing 
technique (Upcraft and Fletcher, 2003). 
 
 
Figure 2.10 Factors that affect the surface roughness of RP parts  
Source: (Upcraft and Fletcher, 2003) 
 
According to BS 4287 (1997), the surface roughness average Ra is an important 
parameter used to evaluate the texture of surfaces. Ra is defined as the arithmetic mean 
of the deviations of the roughness profile from the main or central line (lm) along the 
measurement as shown in Figure 2.11. This definition is set out in equation (1). 
 
 
                     Figure 2.11 Profile element. Source: British standards: 4287 (1997) 
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Where Z(x) is the profile values of the roughness profile and l is the evaluation length. 
 
 
               
 
 
∫ |    |
 
 
               (1) 
 
 
In addition, the rms roughness parameter (Rq) also has a great deal of industrial interest. 
This parameter is defined in equation (2). Dissimilar to the Ra parameter, it can be more 
influenced by isolated errors and therefore detects them better. However, the Rq 
parameter does not provide adequate information to distinguish whether it is an isolated 
error or a general tendency towards the worsening of the surface (Perez, 2002). 
 
                 
 
 
∫     
 
 
              (2) 
 
Many researchers have investigated surface roughness development in RP produced 
components. Reeves and Cobb (1995) have investigated the roughness of various rapid 
prototyping systems and subsequently compared their results with theoretical values. 
Hence, they proposed a number of ways to reduce the surface deviation of rapid 
prototyped components.  This is because RP encompass a loss in geometrical integrity. 
Furthermore, a number of researchers such as Tyberg and Bohn (1999), Sabourin 
(1996a), Sabourin et al. (1996b) and Sabourin et al. (1997a) have considered the 
adaptive slicing method, or correcting the STL file, for some geometry or other features 
in the part that require better surface accuracy. This is because the layer height is 
reduced and consequently the number of layers is increased in certain features as shown 
in Figure 2.12. 
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Figure 2.12 Adaptive Slicing Approaches:  It suggests increasing the throughput of material 
deposition of the thick interior layers while the surface quality is maintained with thin exterior 
layers. Source:  Tyberg and Bohn, (1999) 
 
A number of studies have tried to develop different methodologies to improve the 
surface accuracy of RP systems in term of determining the optimum part orientation in 
the STL file to build the part. For example Xu et al. (1999) investigated the surface 
roughness of SLA, FDM, SLS and LOM considering three orientations of the part in the 
STL file, while Masood et al. (2003) introduced a mathematical algorithm to determine 
the best part orientation for building a part in layered manufacturing. 
 In addition, Cheng et al. (1995) and Thimurthulu et al. (2004) also investigated the 
optimum orientation for FDM and SLA systems. They agreed that orientation of the 
part also affects other factors such as the build time, the complexity of the support 
structure, shrinkage, curling, trapped volume, and material flow in many RP processes. 
Since the orientation of parts can reduce the tangent angle of slice height, as shown in 
Figure 2.13, then the best orientation of the part in the STL file is optimized according 
to part geometry.   
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Figure 2.13 FDM Slices Build-up. Source: (Pandy et al., 2003) 
 
Ahn et al. (2009) investigated the main factors that affect surface roughness in FDM 
considering a number of surface angles. Luis Pérez et al. (2001) anticipated a theoretical 
model to characterize a surface roughness average of common RP parts. The roughness 
model considered two factors; layer thickness and horizontal distance between layers. 
SLA test specimens were produced, and then an experimental analysis of the obtained 
surface roughness was compared with the expressed theoretical model. They concluded 
that it is necessary to correct for the inclined surface with angles close to 0
◦
 and 90
◦
.  
Anitha et al. (2001), Ziemiem and Crawn III, (2001) and Kechagias (2007) optimized 
the RP process parameters to improve the surface roughness of the produced parts. They 
concluded that the process parameters of the FDM system impact the accuracy of 
surface texture and further studies could lead to improve the surface accuracy of built 
parts. In Figure 2.14, Pal et al., (2007) Reported a comparison of different rapid 
prototyping systems, this study was done regarding the surface roughness of vertical 
wall. The surface roughness was measured using  (Mahr Perthometer). 
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Figure 2.14 Comparison of surface roughness using different Rapid Prototyping systems 
(Source: Pal et al., 2007) 
 
2.4.3 Mechanical properties: tensile strength 
The advancement in material science, the photopolymers and thermoplastics used now 
have delivered higher yield strength for improved parts.  Upcraft and Fletcher (2003) in 
their study compared the mechanical properties of RP parts and concluded that it is 
difficult to measure and compare the mechanical properties of RP parts for a number of 
reasons; the materials and processes used to make the parts are continually developing 
therefore the mechanical strength and other properties of the parts are also improving. 
Table 2.4 represents the tensile strength of some RP systems using different developed 
materials. 
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Table 2.4 Tensile strength of RP systems using different materials 
RP 
systems 
Material Test Method Tensile Strength  Source 
SLA Epoxy rasin 
Samos 18420 
ASTM D638 66.1-68.1 MPa PhotoFunctional Material  
SLS Naylon 
DuraForm 
ASTM D638 43 MPa 3D Systems 
FDM Polycarbonate 
(PC) 
ASTM D638 52 MPa Stratasys 
 
 
Grimm (2004) reported that Stratasys Inc. manufactures all of the materials for the 
FDM rapid prototyping system. Each material is produced from a custom blend of 
commercially available thermoplastic resins. All FDM systems use ABS as a material 
choice, and almost 90% of the prototypes produced by FDM are made from this 
material. FDM users report that ABS prototypes demonstrate 60 % - 80 % of the 
strength of injection moulded ABS, while other properties such as thermal and chemical 
resistance may reach those of injection moulded parts.  
For this reason, ABS became a widely used material for functional applications. 
Moreover, Polycarbonate is a new material for the FDM process and its application is 
growing rapidly in the manufacturing market, as the additional strength of 
polycarbonate produced prototypes is advantageous.   
Furthermore, there are also other materials available for the FDM process, these 
materials including polyphenylsulfone, elastomer and wax. Polyphenysulfone provides 
high heat and chemical resistance with strength and rigidity. Elastomer is introduced for 
functional applications that behave as a rubber component with a Dura-meter rating in 
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the mid-to-upper range of the Shore scale. Also wax materials specially made for the 
production of investment casting patterns are used in FDM system. The properties of 
the wax allow FDM patterns to be produced as traditional wax patterns that are used in 
foundries.  
In RP systems such as FDM polymeric materials, sintering refers mainly to the viscous 
flow mechanism (Bellehumeur et al., 1996). Many investigations were focused on the 
formulation and processing of polymeric materials for the FDM process (Bellehumeur 
et al., 2004) (Wang et al., 2003) (Shofner et al., 2003) (Zhong et al., 2001) (Gray et al., 
1998) (Kalita et al., 2003). These studies illustrated that the mechanical properties of the 
parts were negatively effected by poor bond strength between filaments, the weak 
interlayer strength in the building direction often being the weakest and most critical 
link in the parts (Sun et al., 2008).  
Therefore, with continuing advances in materials and technology, it should be possible 
to manufacture functional parts in addition to prototypes. In order for the FDM process 
to be developed into a manufacturing components rather than just a prototype model, a 
number of improvements are crucial. One of these improvements is focused on the 
mechanical properties of the parts produced, which should be enhanced so that parts can 
maintain their integrity during life service (Sun et al., 2008). Rodriguezis et al. (2000) 
illustrates the FDM process as a robotically controlled ‘fibre’ extrusion process that 
produces a new class of materials with a variety of controllable mesostructural features 
related to fibre deposition and the presence of voids between beads. The importance of 
mesostructural features to the stiffness and strength of unidirectional extruded materials 
is a key feature of the processing variables.  
Previous investigations showed that the mechanical properties of the parts were 
negatively influenced by the inadequate bond strength achieved between deposited 
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filaments, the weak interlayer strength in the building direction often being the weakest 
and most vital aspect in the FDM parts (Sun et al., 2008).  
Currently, more materials are becoming available to FDM systems and differ in their 
flexural/ tensile strength, heat deflection, and physical properties to match the 
manufacturing demand for either functional or tooling parts. A number of experiments 
have been conducted to evaluate the effects of processing conditions on the quality of 
bonds achieved between adjacent filaments within a FDM part. Montero et al. (2001) 
studied the mechanical properties such as tensile strength and how it is affected by 
FDM processes variables.  
Similarly, Ahn et al. (2002) investigated the tensile and compressive strengths of 
directionally fabricated specimens with different process variable parameters, and then 
the specimens were measured and compared with injection molded FDM ABS P400 
material. Rodrı´guez et al. (2003) reported in a similar study that fibre bonding and fibre 
bond density of FDM ABS material is affected by the strength and material weakness at 
yield, hence they control material integrity at higher stress values.  
 
2.5 Review of Similar studies 
In the advancement of RP processes, component quality and materials, many 
researchers used the Design of Experiments (DOE) as a statistical tool to develop their 
experimental plan. Particularly, when the experimentation is to evaluate and optimise 
the variable process parameters. In industry, the experimental design can be used to 
systematically investigate the process or product variables that influence part quality. 
Since time and experimentation resources may be limited; it is crucial to obtain the most 
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information from each performed experiment. Thus, well-designed experimental plans 
can deliver significantly more information and may need fewer runs than unplanned 
experiments. Moreover, a well-designed experiment will confirm related effects and can 
be evaluated. For example, a number of experimental runs are created from a selected 
number of parameters and a number of levels. Several studies have investigated the 
influence of RP systems on the built parts. In addition it has been proposed to use DOE 
for tuning the variable parameters of various RP systems.  
For instance, Chatterjee et al. (2003) studied the influence of the SLS process on low 
carbon steel powder using DOE to investigate the effects of sintering parameters, layer 
thickness and hatching distance on the density, hardness and porosity of the sintered 
products. Also Ahn et al. (2002) investigated the variable process parameters levels of 
bead width, colour of the extruded material, air gap, and envelope temperature and their 
influence on the tensile strength of the FDM parts using DOE.  
In another study, Onuh and Hon, (1998) investigated the SLA parameters of layer 
thickness, hatch spacing, hatch over-cure and hatch fill cure depth to improve the 
quality of the built parts. Similarly, Onuh and Hon (2001), McClurkin and Rosen, 
(1998) and Zhou et al., (2000) carried out investigation using DOE to optimize process 
parameters in SLA, while Zmienan and Crawn (2001) and Pennington et al., (2005) 
studied the process variables of FDM and their effects on the part accuracy. These 
experiments have proven the benefit of using DOE and confirmed that the parameters of 
the RP process impact on building goals. Zhou et al., (2000) suggested that an 
economical way of achieving major changes in the developed hardware and software 
architecture would be to re-set the control factors of the existing rapid prototyping 
process for a certain machine.  
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Many investigations attempted to obtain systematic process plans and analysis of errors 
in setting RP process variables in order to achieve specific build goals and desired part 
characteristics. This may lead to process plans based comprehensive data and 
knowledge to quantify the effects of FDM process variables on part build goals, and to 
predict builds outcomes and expected part quality. Many researchers have 
recommended re-evaluating the process variables within RP to produce tailored 
characteristics for building parts. In other words, DOE using randomized number of 
experimental runs.  
Several studies have implemented the DOE technique such as Taguchi design aims to 
operate a process consistently and optimally even when a number of conditions are 
involved. In Taguchi parametric design, the primary aim is to determine the parameter 
settings that minimize response variation, while maintaining the process on target. 
Factors, which affect the system performance, can be divided into the following two 
categories: controllable factors and noise factors. Noise factors consist of external noise, 
internal noise and between-products noise. In the past, it was difficult to evaluate the 
degree of noise factors that influence part quality, but a method has recently made such 
evaluation possible. When a “robust” Taguchi design is generated, the optimal settings 
for controllable factors will be determined, that will either reduce the variation of the 
process or make the product insensitive to variable conditions by noise factors.  
Thus, a process designed with this aim will produce a more consistent output. Similarly, 
a product designed with this aim will achieve a more consistent performance regardless 
of the surrounding environment. However, engineering knowledge is required to judge 
the selection of factors and responses. The Taguchi method provides the opportunity to 
reduce the number of runs during experiments and smaller number of runs during 
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experiments means reduction of both time and cost, and hence the method is widely 
exploited in parametric experiments in the RP area.  
For example, Onuh and Hon (1998), Chockalingam et al. (2008), Onuh and Hon, (2001) 
are a parametric studies on SLA using Taguchi design; similarly, Anitha et al. (2001) 
and Lee et al. (2005) investigated the process parameters of FDM and their influence on 
part quality. In addition, Raghunath et al. (2007), Casalino et al. (2005) presented a 
report, which concerned a parametric experiment on SLS using Taguchi design. 
Wang et al. (2007) reported that some negative aspects of rapid prototyping technology 
still exist, such as strength limitations, surface roughness, and dimensional accuracy. 
Many studies were dedicated to improving the part characteristics of FDM through 
designed experiments, hence parameter optimization, significant parameter effect, and 
multiple building quality optimizations for the FDM rapid prototyping system have 
been investigated, with a number of FDM variable parameters and levels initially 
chosen based on previous knowledge or recommendations by previous researchers. 
Hence, the responses are determined and the variable parameter levels are predicted, 
through obtained mean effect and interaction between the factors that significantly 
impact the produced part characteristics.  Researchers including Lee et al., (2005), 
Anitha et al., (2001), Ziemian and Crawn, (2001), and Wang et al. (2007) are working 
to improve the accuracy of FDM parts by considering some of the parameters and 
neglecting other parameters.   
Furthermore, many researchers attempt to conduct detailed experimental studies and to 
search for interrelationships between the RP product accuracy and the machine 
parameter, setup by parameter tuning and optimization techniques and they agreed that 
adjusting input manufacturing parameters could have significant effects on part 
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accuracy. Using optimization techniques has helped those studies to enhance their 
evaluation to output response, such as the Taguchi approach which provides a 
systematic and efficient technological methodology for design optimization. It delivers 
advantages that include simplification of experimental design and feasibility when 
studying the interaction between parameters. 
Estimation of build parts quality, setting control parameters and repeatability is a very 
difficult and time-consuming process. Consequently, researchers have attempted to 
develop knowledge based systems that identify the key control parameters, estimate 
their optimum settings and predict the quality of build parts to make build process more 
readable and reliable. For example, Ziemian and Crawn, (2001) carried out a study to 
implement a decision system to generate recommendations for process variable settings 
as a benchmark and the associated predicted build outcomes. These results can then be 
used to evaluate the appropriateness of the impending part relative to its intended use, 
i.e. prototype for marketing, functional test, or form/fit evaluation, rapid tooling, or 
rapid manufacturing. System feedback provides the designer with pre-fabrication data 
for design evaluation, and a relatively quick and inexpensive opportunity for potential 
redesign. They published a study that addresses the optimization of build goals 
associated with processing time, dimensional accuracy, and surface finish. The effects 
of four FDM process variables (build orientation, layer thickness, road width, and 
interior fill strategy) were considered in their research.  They stated that their research 
has verified that the selected FDM process variables have a significant effect on build 
time. However, the effects on dimensional accuracy proved less significant. Their paper 
suggested that future research should include the consideration of several additional 
process variables, including part-build location on the XY machine table as they felt 
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that some positions on the XY machine table might expose build parts to higher 
temperature.  
Based on Zmienan and Crawn (2001) recommendations, Pennington et al., (2005) 
investigated the effect of process variables on the dimensional accuracy of prototypes 
built using FDM. Their study focused on three factors recommended by previous 
research, including part size, work envelope temperature, and position of the part in the 
work envelope. They observed that the work envelope temperature was a significant 
factor for four dimensions that were measured. As a result of observation they 
concluded that, as temperature increases, the percentage deviation decreases, as shown 
by the negative main effect. They believe that it is possible that higher temperatures 
make the road cross-section more oval, thus reducing the height of each layer and 
increasing the width of each layer. This result requires more investigation to fully 
understand this negative main effect. In other words, the compressed polymer might be 
relaxed or expanded at the elevated temperature. However, as the temperature increased, 
the air gap was completely filled with material as negative air gap and shrinkage 
occurred. In addition, higher temperatures were found to consistently produce lower 
deviations. Gregorian et al., (2001) also suggest that temperature and build speed during 
the build process could affect part warpage due to heat exposure. Also, Pennington et 
al., (2005) found a variation in CMM measurements and they state that since the FDM 
method builds a part by depositing filaments in layers, probably a variation in the part’s 
surface may occure.  
In addition, Anitha et al., (2001) assessed the influence of some parameters on the 
quality characteristics of the prototype using the Taguchi method. They analysed the 
effect of process variables on the surface roughness of components produced by FDM. 
Three parameters were chosen in this study such as layer thickness, road width and 
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speed of deposition. Similarly, Ahn et al., (2002) carried out a study to characterize the 
properties of ABS parts fabricated by the FDM 1650 machine.  
Using a Design of Experiment (DOE) approach, they examined the process parameters 
of FDM, such as raster orientation, air gap, bead width, colour, and model temperature. 
Furthermore, Lee et al., (2005) carried out an experiment using the Taguchi method to 
find the optimal process parameters of FDM that was used to produce Acrylonitrile 
butadiene styrene (ABS) prototypes. An orthogonal array, mean effect, signal to noise 
(S/N) and analysis of variance (ANOVA) were employed to study the process 
parameters required to achieve more elasticity performance in prototypes. It was found 
that layer thickness, raster orientation and air gap significantly affect the elasticity 
performance of ABS prototypes.  
With respect to the Taguchi method, to implement an appropriate orthogonal array for 
experimental design, Lee et al., (2005) have selected four parameters; layer thickness, 
air gap, raster orientation and raster width. All those reviewed studies were attempting 
to define a comprehensive experimental plan that would identify process parameters 
that affect accuracy output response.  
It has been concluded by Pennington et al., (2005) Zhou et al., (2000) and Zmienan and 
Crawn (2001) that evaluation of the output response of process variable parameters will 
lead to the opportunity to develop prototypes characteristics whilst also obtaining the 
optimum process parameters adjustments to enhance process efficiency.  
Mahapatra et al. (2009) reported the effect of significant process parameters such as 
layer thickness, orientation, raster angle, raster width, and air gap using a Taguchi 
design L27 orthogonal array. The responses considered in this study are mechanical 
properties of FDM produced parts such as tensile, bending and impact strength. 
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Consequently, they reported that all obtained responses are correlated to the concerned 
data in this study.  
Also, Sood et al., (2009) have investigated the influence of FDM parameters such as 
layer thickness, part orientation, raster angle, raster width and air gap on dimensional 
accuracy of FDM parts using the Taguchi design L27 array. Galantucci et al. (2009) 
studied the influence of FDM machine parameters on Acrylonitrile Butadiene Styrene 
(ABS) FDM prototype surface finish using design of experiments. The surface finish of 
produced parts was determined by the modification of extrusion parameters (layer 
thickness, tip size, and raster width). A chemical post-processing treatment was used 
and analysed and yielded a significant improvement in the Ra of the treated specimens. 
They advised on using designed of experiments to optimize the process in terms of the 
solution concentration and process time. 
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Chapter three        METHODOLOGY 
 
3.1 Background of experimentation plan 
 
The current research investigates the relationship between the variable parameters 
settings and output part quality characteristics, in order to predict the quality 
characteristics of resulting part and the influence of FDM process parameters. Three 
building goals or key properties are targeted in this study. These are surface roughness, 
dimensional accuracy and tensile strength of the FDM parts. To improve these 
characteristics or to predict the building outcomes from the FDM building process, an 
investigation is carried out to study the variable parameters of FDM process. Similar 
researches have been carried out to improve certain parts characteristics or process 
efficiency (i.e. building time) through studying process variable parameters at various 
levels in FDM or other rapid prototyping systems. It was proposed in some researches 
such as Ahn et al. (2002), Ziemian and Crawn III (2001) that gaining better knowledge 
about the FDM parameters could provide a predictable understanding for building 
outcomes to improve the proposed characteristics. In this study, several steps are 
undertaken on the background of previous researches to evaluate the impact of FDM 
variable process parameters on the output characteristics, to make the process more 
predictable when specific characteristics are required as surface roughness and 
dimensional accuracy, while maintaining the optimal tensile strength. To develop an 
experimentation plan, an exploratory study was carried out to review similar researches 
i.e. Alenezi et al. (2007), Mahesh et al. (2004), Zhou et al. (2000), Onuh and Hon 
(1998) etc. and their associated methodologies. Consequently, the stages of the 
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experimentation were outlined in progressive manner; first the selection of the FDM 
variable process parameters and their levels were explored from the aspect of their 
applications during the process. Then generating a statistical Design of Experiment 
(DOE). As a profitable method to assess the impact of each parameters levels 
combination on the output characterizes, while saving time and cost of the experiment 
as reported in previous studies. Further on, in order to obtain the experimentation results 
on the basis of produced building parts; an experimentation part was designed to be 
easily accessible to the standardized measurement/testing apparatus. After performing 
the measurements and tests on the produced parts and determine the values of proposed 
building goals, a statistical analysis on the basis of outcome measurements/tests 
collected data is carried out, to predict the optimum parameters of FDM process and 
their interaction impact due to the desired characteristics which were proposed in this 
study. Following sections in this chapter will illustrate each stage and elements 
individually according to the proposed plan to fulfill the experimentation requirements.  
Therefore, the experimentation plan consists of the following steps: 
 Selection of variable parameters. 
 Implementation of the design of experiment (DOE): the full factorial design is 
implemented based on the selected FDM process factors and their levels, and 
according to the calculated degrees of freedom.  
 Creating 3D CAD model for the specimen/part for the experimental purposes. 
 Producing testing parts by FDM FORTUS 400mc using ABS M30i material. In 
Table 3.1, the FDM FORTUS 400mc machine specification. Also in Table 3.2, 
the material properties for ABS M30i.   
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 Measurements and testing of resulted parts using standardized apparatus such as 
Talisurf, Coordinate measuring machine (CMM), and the ZWICK ROELL 
2000. 
 Gathering responses of surface roughness, dimensional accuracy, and tensile 
strength of built parts. 
  Analyzing design according to gathered responses by the regression and 
correlation analysis are used to determine the correlation proportional 
relationship between the process variable parameters and the quality responses. 
Also using the Pareto chart and main effect plot for effects to confirm the 
correlation relationship and to compare the correlation of parameters on each 
response (average surface roughness, dimensional accuracy, and ultimate tensile 
strength). 
 Final confirmation experiment of the optimum building parameters to validate 
the correlation relationship between the parameters and each quality response. 
 
                         Table 3.1 FDM 400mc: Machine specification (Source: Stratasys) 
 
 
 
 
Build Material 
 
 ABS M30 
 ABS-M30i 
 ABSi 
 ABS ESD7 
 PC-ABS 
 PC 
 PC-ISO 
 ULTEM9085 
 PPSF/PPSU 
 
 
Support Materials 
 
• Soluble support: ABS M30, 
ABS M30i, ABSi, ABS-
ESD7, PC-ABS 
• Break Away support: PC, 
PC-ISO, ULTE 
9085,PPSF/PPSU 
 
 
 
Accuracy 
 
Parts are produced within an 
accuracy of +/- .005 inch or +/- 
.0015 inch per inch, whichever is 
greater (+/- .127 mm or +/- .0015 
mm per mm). 
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Table 3.2 ABS M30i Material properties 
(A) 
Mechanical Properties Testing Method Metric 
Tensile Strength (Type 1, 0.125”, 0.2”/min) ASTM D638 36 MPa 
Tensile Modulus (Type 1, 0.125”, 0.2”/min) ASTM D638 2,400 MPa 
Tensile Elongation (Type 1, 0.125”, 0.2”/min) ASTM D638 4% 
Flexural Strength (Method 1, 0.05”/min) ASTM D790 61 MPa 
Flexural Modulus (Method 1, 0.05”/min) ASTM D790 2,300 MPa 
IZOD Impact, notched (Method A, 23°C) ASTM D256 139 J/m 
IZOD Impact, un-notched (Method A, 23°C) ASTM D256 283 J/m 
 
(B) 
Thermal Properties Testing Method Metric 
Heat Deflection (HDT) @ 66 psi, 0.125" unannealed ASTM D648 96°C 
Heat Deflection (HDT) @ 264 psi, 0.125" 
unannealed 
ASTM D648 82°C 
Vicat Softening Temp. (Rate B/50) ASTM D1525 99°C 
Coefficient of Thermal Expansion (flow) ASTM E831 8.82E-05 mm/mm/°C 
Coefficient of Thermal Expansion (xflow) ASTM E831 8.46E-05 mm/mm/°C 
Glass Transition (Tg) DSC (SSYS) 108°C 
Melt Point - - - - - - - - - Not Applicable 
 
(C) 
Electrical Properties Testing Method Value Range 
Volume Resistivity  ASTM D257  4.0x10e14 - 5.0x10e13 ohms  
Dielectric Constant ASTM D150-98  2.9 - 2.7 
Dissipation Factor  ASTM D150-98 .0053 - .0051 
Dielectric Strength ASTM D149-09, Method A 370 - 80 V/mm 
 
(D) 
Other properties Testing Method Value 
Specific Gravity  ASTM D792  1.04 HB  
Flame Classification  UL94 (0.06", 1.5 mm)  
Rockwell Hardness ASTM D785 109.5 
 
 
Build Size 
 
       356 x 254 x 254 mm 
Material Bay 
 
• 1 material bay 
• 1 support bay 
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(E) 
 
 
 
 
 
3.2 FDM machine specification  
 
FDM FORTUS 400mc by Stratasys as shown in Figure 3.1, was used to produce the 
specimens. The machine is equipped with Insight software that assists the user to adjust 
the variable parameters in building part specification. Principally, the FDM variables 
are considered as four groups of operating parameters, as follows; FDM build 
specification, FDM environment/machine, and material specification. 
 
 
Figure 3.1 FDM 400mc FORTUS machine 
 
The intended experimentation plan was focused on the FDM build specification. Insight, 
which is the FDM software, uses a controller of part fill style that determines the fill pattern 
used to build a solid model. The design of the part is initially created by 3D CAD technique that 
Layer Thickness Capacity Support Structure Available Colors 
 0.013 inch (0.330 mm) 
 0.010 inch (0.254 mm)  
 0.007 inch (0.178 mm)  
 0.005 inch (0.127 mm) 
Soluble Supports Ivory  
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allows the user to convert the model data to STL file, which is readable by most RP systems. 
FDM Insight software will then read the STL format to allow the user to modify the file to 
confirm to the building specification to create toolpath-filling parameters. As shown in figure 
3.2 these toolpath-fill parameters consist of items such as:  
 Contour style  
 Contour toolpath width  
 Number, or depth, of contours  
 Raster toolpath width 
 Slice thickness 
 Location of outer perimeter toolpath  
 Air gap between rasters  
 Angle of toolpath rasters  
 
Figure 3.2 Insight software screen and applying parameters to build the parts 
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3.3 Experimentation setup: selection of parameters 
Design of Experiment (DOE) full factorial experiment is a statistical method, which has 
been used for many investigations that concern RP technologies. It is used to optimize 
specific predictors or parameters in certain process. In most RP applications the 
designer is often struggling with the balancing of a host of conflicting specifications 
including achieving desired accuracy, optimizing building time and cost and fulfilling 
functionality requirements (Ziemian and Crawn III, 2001). In RP advancement, Onuh 
and Hon (2001) and Zhou et al., (2000) carried out investigation on process parameters 
in SLA. Similarly, Yang et al. (2002) investigated the optimal parameters on SLS.  
Onuh and Hon (1998), Chockalingam et al. (1998) carried out parametric studies on 
SLA using design of experiment. In similar study, Anitha et al. (2001) and Lee et al. 
(2005) investigated the process parameters of FDM and their influence on part quality; 
In addition, Raghunath et al. (2007), Casalino et al. (2004) presented a report on the a 
parametric design on SLS. These studies have reported that using DOE has reduced 
number of runs in the experimentation, which consequently saved time and cost of the 
experiment (Raghunath and Pandey, 2007) (Zhou et al., 2000) (Onuh and Hon, 1998). 
Basically DOE method assumed a number of runs, which depends on number of factors 
and levels, involved in certain experimentation; each run consists of combination of 
variable parameters settings. The method attempts to identify the significant factors 
statistically, which influence the key quality properties. (Peace, 1993) (Yang et al., 
2002).  
Some of the main FDM variable parameters are considered in this research to evaluate 
the correlation between these parameters and the proposed response characteristics, 
other parameters such as chamber temperature, model temperature, humidity, and speed 
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of deposition were considered as constant in this experimentation work.  The definitions 
of FDM variable parameters in this study as following: 
(A) denotes the layer thickness which is recognised as the height of deposited slice from 
the FDM nozzle as shown in figure 3.3. The layer thickness parameter was used to 
examine the influence of building thicker or thinner layers on the outcome quality.  
 
 
 
  
 
 
Figure 3.3 Height of slices or layout of layer thickness. 
                                             Source: Thrimurthulu et al., (2003) 
 
(B) was assigned to the air gap parameter which is defined as the space between the 
beads of deposited FDM material. As shown in Figure 3.4 . Hence, the influence of 
applying positive and negative gap between the deposited beads was investigated.   
 
    
 
 
 
 
                                         Figure 3.4 Air gap application, Source: Ahn et al. (2004) 
(C) denotes the raster width or road width which refers to the width of the deposition 
path related to tip size. Also refers to the tool path width of the raster pattern used to fill 
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interior regions of the part curves as shown in figure 3.5. Narrow and wide filling 
pattern (roads) were considered to be examined. 
 
 
                              Figure 3.5 Raster width parameter, Source: Ahn et al. (2004) 
 
 
(D) refers to the contour width which is defined as the boundary that surrounds the 
raster toolpath in each part as shown in figure 3.6. Thus, thin and thick deposited 
boundaries were considered in this experiment.  
 
 
 
 
 
 
 
 
     Figure 3.6 Contour boundary surrounds the raster toolpath in two building styles.     
    Source: Rodriguez at al., (2002) 
 
(E) denotes the raster orientation which is measured from the X-axis on the bottom part 
layer as shown in figure 3.7. Also it refers to the direction of the beads of material 
(roads) relative to the loading of the part. The deposited roads can be built at different 
angles to fill the interior part. The effect of this filling according to the raster angle 
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applied was also investigated, where using loose angles at (45
o
/90
o
) and tighter angles at 
(45
o
/-45
o
) of deposited roads. 
 
                                 Figure 3.7 Raster angle parameter, Source: Ahn et al. (2004) 
 
Number of experimentation runs was performed to select the settings or levels of the 
involved process parameters in this study. In instance, two levels of layer thickness 
were selected according to the cost and time of building the experiment parts. Using 
lower level than 0.254 mm will increase greatly the time and cost of building parts in 
this work experiment, also increasing layer thickness setting for more than 0.353 mm 
will sacrifice the quality of the building part surface but will save more time and cost. In 
addition, two levels were considered to the air gap parameter. Setting up a negative 
value of air gap parameter for more than -0.01 mm, or positive value larger than 0 mm 
has produced considerable defected surfaces. The full factor experiment was obtained to 
develop the experimentation plan for five parameters and two levels, considering the 
highest number of experimentation runs for the specified number of runs and levels in 
order to optimize the maximum parameters combinations.  
In this study, Full factor experiment orthogonal array design of L32 (two levels-five 
factors) has been selected initially according to the number of FDM variable parameters 
and number of settings or levels. In addition, some uncontrollable factors have been 
considered in a number of studies by Pennington et al., (2005), Yardimci and Guceri, 
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(1996), and Zhang and Chou, (2008), they have considered the factor of unsteady 
temperature in FDM building chamber and model temperature; and also the position of 
the part on X-Y table during the production, which may create variability of process 
condition. Such factors were considered as constant in this study. Full factor design has 
been performed according to number of FDM variable parameters and also number of 
levels as shown in table 3.3. In this investigation, two levels (low and high) have been 
assumed for each FDM parameter. Some of the main FDM variable parameters are 
considered in this research in table 3.3 to evaluate the correlation between these 
parameters and the proposed response characteristics, Using the Minitab15, table 3.4 
was generated for the experimental runs. Each run in the design consists of combination 
of FDM parameters levels as shown in table 3.4, and each run results will contain 
response of key characteristics that are proposed in this study: surface roughness (Ra), 
dimensional accuracy (DA) and tensile strength (UTS). 
                  
Table 3.3 Variable parameters and their selected low and high levels 
 
 
 
 
 
 
 
 
Variable parameter  Low level High level 
Layer thickness (A) 0.254  0.353 
Air gap (B) 0 -0.01 
Raster width (C) 0.508 0.80 
Contour width (D) 0.508 0.80 
Raster orientation (E) 45
o
/-45
o
 45
o
/90
o
 
Runs A B C D E 
1 1 1 1 1 1 
2 1 1 1 1 2 
3 1 1 1 2 1 
4 1 1 1 2 2 
5 1 1 2 1 1 
Table 3.4 Full factor design includes 32 experimentation runs, combinations of variable process parameters 
levels which resulted a 32 response whether dimensional accuracy, surface roughness, or tensile strength 
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3.4 Design of the proposed benchmark part 
Reviewing previous studies to design a benchmark part was crucial to evaluate the 
dimensional accuracy in this investigation. Designated features were proposed after 
reviewing several benchmarks which were reported in previous studies such as Gargiulo 
(1993), Ippolito et al. (1994), Ippolito et al. (1995), Juster and Childs (1994), Kruth 
(1991), Reeves and Cobb (1996), Shellabear (1999) , Xu (1999), and Mahesh et al. 
(2004) . These studies attempted to evaluate the capability of rapid prototyping systems 
to build accurate parts within specified tolerances or by determined the dimensional 
accuracy according to the deviation of geometry from the progenitor CAD model to the 
produced part, these studies are indicated in table 3.5.  
 
 
6 1 1 2 1 2 
7 1 1 2 2 1 
8 1 1 2 2 2 
9 1 2 1 1 1 
10 1 2 1 1 2 
11 1 2 1 2 1 
12 1 2 1 2 2 
13 1 2 2 1 1 
14 1 2 2 1 2 
15 1 2 2 2 1 
16 1 2 2 2 2 
17 2 1 1 1 1 
18 2 1 1 1 2 
19 2 1 1 2 1 
20 2 1 1 2 2 
21 2 1 2 1 1 
22 2 1 2 1 2 
23 2 1 2 2 1 
24 2 1 2 2 2 
25 2 2 1 1 1 
26 2 2 1 1 2 
27 2 2 1 2 1 
28 2 2 1 2 2 
29 2 2 2 1 1 
30 2 2 2 1 2 
31 2 2 2 2 1 
32 2 2 2 2 2 
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Table 3.5 Comparison between benchmark parts in previous studies and proposed benchmark 
part. Source: (Mohesh et al. 2004) 
 
 
Figure 3.8 shows the geometric benchmark part, which was designed by 3D CAD 
technique using ProEngineer software. The benchmark part incorporates key shapes and 
features of well-known benchmark parts. Also it has been proposed to determine 
achievable geometric features and accuracy in terms of the FDM variable parameters 
influence and when tuning those parameters.  
 
In order to build up the benchmark part by FDM rapid prototyping systems, the model 
was drawn as 3D CAD model in order to generate the STL format file, which is 
recognized by the rapid prototyping systems to convert it consequently to pro-
Properties Kruth 
(1991) 
Juster and 
childs 
(1994,a,b) 
Shellabear 
(1999) 
Ippolito et 
al. (1995) 
Gargiulo 
(1993) 
Mohesh et 
al. (2004) 
Proposed 
part 
Size  small large small large  large medium medium 
Dimensions 
(mm) 
100 x 50  250 x 250  71 x 75  240 x 240  240 x 
240  
170 x 170  100 x 100  
 
 
Features 
incorporate 
 
Simple: 
cylindrical 
shell, 
inclined 
cylinder, 
pegs and 
overhangs 
 
Features to 
check linear 
accuracy 
and feature 
repeatability 
 
Planer 
surfaces 
with 
various 
angles 
 
Several 
geometrical 
features  
 
Features 
are 
planer 
Typical 
geometrical  
shapes, 
mechanical 
features 
incorporated 
Typical 
geometrical 
features to 
check linear 
accuracy, 
flatness, and 
various 
dimensions 
 
Simplicity 
for 
measurement 
 
simple 
 
simple 
 
simple 
 
simple 
 
simple 
Simple and 
access to 
CMM 
measurement 
programming 
Simple and 
access to 
CMM 
measurement 
programming 
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processing data to start the building process. The designed benchmark consists of 
shapes such cubes, cylinders, hemispheres, and round holes as shown in figure 3.8.
 
Figure 3.8 Designed benchmark part by 3D CAD 
 
In figure 3.8, the benchmark part which has been designed by 3DCAD technique 
these geometrical features in the designed benchmark part has been designed for the 
following purposes to measure: 
 Diameters (i.e. : hemispheres and cylinders) 
 Flatness (the forming of part surface) 
 Dimensions (i.e. : cubes and walls) 
 Distances between features 
Table 3.6 describes the geometrical features that were designed, dimensions and 
purpose to measure according to the alphabet notation. 
         
69 
 
 
Table 3.6 Geometrical features associated with designed parts 
Notation Geometrical 
features 
Number 
of 
features 
Dimensions Purpose to measure 
A Cube 4 X = 9 mm 
Y = 9 mm 
Dimensions and repeatability of building 
process 
B Round hole 4 Diameter = 6 
mm 
Diameters and repeatability of building 
process 
C Hemisphere 2 Diameter: 12 
mm 
Diameters and repeatability of building 
process 
D Wall 
thickness 
2 X = 3.41 mm 
,Y = 9 mm 
Dimensions of built thickness 
E Cylinder 2 Inner diameter 
= 3 mm 
Outer diameter 
= 6mm 
Height = 9 mm 
Diameters and height dimension 
F Part basement 1 Dimensions: 
100x 100 mm 
Thickness= 3 
mm 
8 point to check flatness, and relative 
dimensions 
G Distance 
between holes 
and cubes 
2 X= 49 mm 
Y= 49 mm 
Dimensions of distances between 
features 
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3.5  Methods of measurement and testing 
3.5.1 Measurement of surface roughness  
 
The surface roughness was measured by the standardized surface roughness apparatus Taylor 
Hobson’s surface texture measuring equipment (Talisurf) on the flat top of the designed 
benchmark part, the procedure followed is according to the British standards BS ISO 
4287:1997. The average surface roughness (Ra) was obtained by surface roughness 
measurement equipment, and following the equation: 
   
 
 
∫ |    |  
 
 
 
Where, 
Ra is the average roughness of the assessed surface profile  
Z(X) is the height of the profile element or surface profile, and 
L is the sampling length 
The number of the assessed samples is 1250, at a speed of 0.200 mm/s, and the sample length 
is 1.25. In this stage of experiment, 32 experimental parts were produced by FDM FORTUS 
400mc, and based on the experimental runs, which were performed by full factor experiment 
design. Consequently, the 32 parts have been measured by Talisurf texture measurement 
equipment, each average surface roughness (Ra) value is an average of five different readings. 
Figure 3.9 shows the equipment and the part. Also the measurement has been performed in 
the direction of built layers as shown in figure 3.10 by Insight FDM software, which has 
shown the start point of each layer. The white shade on each section of geometry indicates 
the point where the tip touches to begin building the layer. 
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                       Figure 3.9 Measurements by Talisurf to the parts produced by FDM 400mc 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 3.10 Insight software screen showing the beginning of building each layer by FDM 400mc 
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3.5.2 Measurement of dimensional accuracy 
 
Using standardized measurement according to BS ISO 10360 as Coordinated Measuring 
Machine (CMM) was used to measure the accuracy of the parts. The CMM provides a 
convincing justification to be used as a measurement tool in this investigation, as it has 
been used and recommended by previous studies (Mohesh et al., 2004). CMM is a 
standardized measurement tool, and automatically operated to avoid any human mistake 
or interaction. Once the CMM is setup and programmed and the part is correctly 
positioned on the fixture, the machine could be run continuously and recording the entire 
measured data in the CMM software.  The CMM consists of probing system which itself 
consist of a probe, probe extensions, probe changing system, stylus changing system and 
stylus extensions. As indicated in the figure 3.11, the probe is the component of a CMM 
that carries a probing system. Accordingly, the high density point of CMM is the 
corrected distribution of scan points, with a distance between two consecutive scan points 
of       . 
 
In this study the moving bridge CMM is used to measure the benchmark parts. The 
moving bridge CMM uses the technique of employing three components moving along 
controlled paths perpendicular to one another, with the probing system attached to the 
first component, which is carried on and moves vertically in relation with the second 
component.  In this stage of experimentation, 32 benchmark parts have been measured by 
coordinate measuring machine (CMM) shown in figure 3.11. CMM has been used to 
measure 30 various dimensions in each part. Each geometrical dimension was calculated 
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by subtracting the actual measured dimension from the nominal dimension from CAD. 
Then the average of each subgroup was recorded as the output response for each 
experimentation run, since each run has a combination of variable FDM parameters 
levels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 measurements of benchmark part by CMM and manufactured benchmark part by          
FDM 400mc 
 
3.5.3 Testing of tensile strength 
 
By far the most essential form of material evaluation via mechanical testing is tensile 
testing. In such tests, the tensile strength and the tensile modulus of the composite is 
estimated by interpolating between the stress/strain curves for polymers. The ability of a 
composite material to withstand forces that pull it apart is analyzed by its tensile strength, 
basically stating the extent to which the material will stretch before breaking. 
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The uniaxial tensile test is the most common form of static tests, and gives information 
on a variety of material properties. Similar to the study detailed here, a standard specimen 
is loaded in tension into a testing machine. Such standard specimens ensure meaningful 
and reproducible results and are designed to produce uniform uniaxial tension in the 
central portion while ensuring reduced strength in the sections that are gripped (Davis, 
2004).  
In this experimental stage, tensile strength testing has been done according to ISO 527 for 
the plastic determination of tensile properties.  Figure 3.12 and table 3.7 illustrate the 
dimensions of the specimens that have been produced according to British standards. 
The test specimen is fixed in the tensile testing apparatus by its both grips.  
 
                  Figure 3.12 BSI tensile type (1A) dimensions and shape (BS EN ISO 527-2 1996) 
 
                      
 
         
75 
 
Table 3.7 Tensile test specimen type 1A. (BS EN ISO 527-2) 
 
 
 
 
 
 
 
 
 
 
 
The crosshead speed applied was 10 mm/min. The specimen’s shape adhered to the 
standards and specifications of the British Standard BS ISO 20753:2008.  
Tensile stress is defined as force per unit area of the original cross-section within the 
gauge length, carried by the test specimen at any given moment. It is expressed in 
megapascals  (MPa), all stress values was calculated on basis of the initial cross-sectional 
area of the test specimen:                 
    = 
 
 
     (3.1) 
 
 
Type of specimen Dimensions in mm 
l3  overall length  ≥75 
l1  Length of narrow parallel-sided portion 30 ± 0,5 
r   Radius ≥30 
l2  Distance between broad parallel-sided portions 58 ± 2 
b2  Width at ends 10 ± 0,5 
b1  Width of narrow portion 5 ± 0,5 
h  Thickness ≥2 
L0  Gauge length 25 ± 0,5 
L  Initial distance between grips 
l2    
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Where, 
        tensile stress in megapascals (MPa) 
F        the measured force associated in Newton, and  
A         initial cross-sectional area of the specimen and expressed in square millimetres. 
1. Calculation of tensile strain at tensile strength,   
 
The tensile strain at the point corresponding to tensile strength, if this occurs without or at 
yielding; it is expressed as a dimensionless ratio or in percentage (%). 
All strain values will be obtained on the basis of the initial distance between the grips: 
            = 
  
 
                (3.2) 
 = (100%) .  
  
 
             (3.3) 
 
Where, 
        tensile strain, expressed as a dimensionless ratio or percentage,% 
L         the gauge length of the test specimen, expressed in millimeters, and 
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      the increase distance in the specimen length between the gauge marks, expressed in  
millimeters  
In this stage of experimentation, the specimens have been produced by ABS-M30 
material. Afterwards, 32 averages have been obtained for the tensile strength for the 
produced FDM specimens according to the number of runs by full factor design; hence, 
testing of specimens has been done by ZWICK ROELL 2000 as shown in figure 3.13. 
The averages were obtained as responses to the combination of variable parameters 
settings, in order to predict the influence of FDM parameters settings on tensile strength 
and material ductility. 
 
 
 
 
 
 
 
 
 
                       Figure 3.13 testing specimens by Zwick Roell apparatus 
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3.6 Methods of analysis 
After the samples were built-up by FDM, they were tested and measured to get the 
dimensional deviation, average surface roughness, and tensile strength. These data are 
considered as characteristic response values to be evaluated by design analysis. The full 
factor design analysis allows the calculation of the mean, which is average response for 
each combination of control factor, levels in the design the response table for each 
response characteristic.  
Generated response tables by full design analysis can indicate which factor has the 
biggest impact on the response, then which factor level is related to higher or lower 
response characteristic values (i.e. dimensional deviation, average surface roughness or 
tensile strength). The average of the sum of deviation or error is then obtained associated 
with a benchmark part which has been produced by i.e. run 1 and so on. The average of 
sum of deviations in a particular benchmark part will be considered as a response in the 
associated run as an impact of combination of variable process parameters in full design 
analysis.  
Each feature will be obtained in individual full factorial design analysis to report the 
impact of the selected variable process parameters on each particular geometrical features 
or dimensions. Furthermore, geometrical features and dimensional deviations will be 
considered to be smaller to reach smaller loss function per benchmark part associated 
with a combination of variable process parameters levels in each run. The third building 
consideration in this research is the tensile strength or the Ultimate Tensile Strength 
(UTS), the average of tensile strength of number of specimens per experimentation will 
be counted as a response as a result of a combination of variable parameters levels and 
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will be expressed in megapascals (MPa). The tensile strength was obtained from the 
stress versus strain plot. The factorial design analysis was used to generate the response 
table for the response characteristic (i.e., mean). Response tables indicates which factor 
has the biggest significant influence on the response, on the other hand, they indicates 
which level of the process parameter is associated with higher or lower response 
characteristic values. The design response table was used to obtain the values of the 
response characteristic that required to be evaluated for each factor level combination.  
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Chapter four    RESULTS AND DISCUSSION 
 
4.1 Data collection  
In this stage of the research, the responses data for the Ra, DA, and UTS were collected and 
determined as averages where they are associated with each run of 32 runs. Each run has a 
combination of parameters levels which will provide a primarily vision whether the parameters 
affect the proposed responses. This stage was proposed to prepare the response data for further 
analysis. Table 4.1 illustrates the resulted responses for each run.  
According to the Ra response, figure 4.1 shows the distribution of the resulting data appears to be 
normal but cyclic in nature from minimum to maximum and then minimum.  Main effects and 
regression analysis will be used to explain this phenomenon.  From figure 10 it can be seen that 
the Ra value is lower in some runs and higher in others, which means that the combination of 
parameters in each run has impact on the surface roughness characteristics for the resulted FDM 
parts. 
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Table 4.1 experimental runs and associated responses results 
Runs A B C D E Ra 
(µm) 
DA 
(mm) 
UTS      
(MPa) 
1 1 1 1 1 1 18.30 0.0500 27.00 
2 1 1 1 1 2 19.60 0.0440 29.00 
3 1 1 1 2 1 19.20 0.0740 30.00 
4 1 1 1 2 2 16.40 0.0680 29.00 
5 1 1 2 1 1 36.70 0.0540 24.70 
6 1 1 2 1 2 25.60 0.0570 30.10 
7 1 1 2 2 1 36.70 0.0790 27.30 
8 1 1 2 2 2 37.20 0.0850 32.02 
9 1 2 1 1 1 31.80 0.0520 32.86 
10 1 2 1 1 2 10.40 0.0530 36.50 
11 1 2 1 2 1 9.70 0.0700 35.70 
12 1 2 1 2 2 15.00 0.0750 36.20 
13 1 2 2 1 1 26.30 0.0670 33.20 
14 1 2 2 1 2 9.23 0.0590 29.13 
15 1 2 2 2 1 30.00 0.0690 27.20 
16 1 2 2 2 2 30.60 0.0890 27.91 
17 2 1 1 1 1 31.90 0.0790 25.11 
18 2 1 1 1 2 39.60 0.0780 22.70 
19 2 1 1 2 1 39.70 0.0770 27.22 
20 2 1 1 2 2 27.50 0.0700 25.21 
21 2 1 2 1 1 31.20 0.0800 22.57 
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Run A B C D E Ra 
(µm) 
DA 
(mm) 
UTS 
(MPa) 
22 2 1 2 1 2 36.33 0.0778 20.31 
23 2 1 2 2 1 30.00 0.0777 20.22 
24 2 1 2 2 2 30.00 0.0660 19.29 
25 2 2 1 1 1 10.50 0.0669 30.21 
26 2 2 1 1 2 12.30 0.0840 29.21 
27 2 2 1 2 1 11.50 0.0660 31.25 
28 2 2 1 2 2 10.39 0.0630 31.87 
29 2 2 2 1 1 38.25 0.0820 28.11 
30 2 2 2 1 2 44.60 0.0910 28.91 
31 2 2 2 2 1 33.50 0.0670 27.19 
32 2 2 2 2 2 34.86 0.0850 27.90 
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                      Figure 4.1 The average values for 32 parts  
 
 
Regarding the DA data, 32 benchmark parts were measured by coordinated measuring 
machine (CMM). CMM has been used to measure 30 various features in each part. Each 
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geometrical dimension has been determined by subtracting the measured dimension from 
the designed dimensions in CAD. Then the average of each subgroup was recorded as the 
output response for each experimental run, since each run has a combination of variable 
FDM parameters levels. Figure 4.2 shows the results of the average of DA in mm. The 
experimental runs have produced a variant average of accuracy as shown in figure 4.16, 
where some runs have lower average deviation than the others. However it can be seen 
that the variability between the experimental runs does not exceed 0.05 mm.  
Figure 4.3 show the averages of dimensional errors for some geometrical features 
individually. FDM 400mc has given flatness deviation up to 0.02 mm for all 
experimental runs. It can be seen by reviewing figure 4.16 that FDM 400mc produces 
lower distance deviations for cubes (A) than cylinders (C) or rounded shapes (B). 
Moreover, it can be noticed that applying different parameters settings in each run has 
made the measurement deviations in variant for each geometrical feature and distances. 
Next analytical study for FDM parameters effects will be carried out to understand and 
predict the mean parameters that influence the dimensional accuracy of produced parts.  
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                                                        Figure 4.2 Graph showing the dimensional deviation from 32 runs  
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(D) 
 
(E) 
Figure 4.3 Outcome absolute value of average of dimensional deviation in experimental runs 
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Also According to UTS response data, testing of 32 tensile test specimens was done 
using the ZWICK ROELL 2000.  This was done to find out if there is any correlation 
between the elongation of the produced parts and the optimised parameters. Figure 4.4 
shows the stress versus strain curves for the average of tested specimens for each run, 
from run 1 to run 10.  It can be seen that every run has a unique results and depending on 
the combination of parameters settings which has been set in the full factor randomized 
runs. It can be seen that the combination of parameters settings in run 10 has the highest 
ultimate tensile strength 36.8 MPa, also it has exhibited higher ductility than other runs 
due to its elongation at break or percentage strain. Also it has exhibited higher ductility as 
shown in figure 4.4, which exceeds 15% of strain, while most of the runs been collapsed 
at approximately 5% except run 1, run 6 and run 4. Thus it can be concluded that some 
combinations of FDM parameters can be applied to improve the strength of the building 
parts.  
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Figure 4.4 Stress versus strain graph for experimentation runs 
 
4.2 Surface roughness 
Fitted line plot by regression analysis is used to examine the relationship between the 
response variable (Ra) and the predictor variable (low level and high level of FDM 
variable parameters). The method used to draw the line is called the least-squares 
criterion. The more the line is inclined, the more the parameter impacts the response by 
its low and high level.  Figure 4.3 shows the Ra values by experimental runs in relation to 
low level and high level of layer thickness. Fitted line plot distributes the experimental 
runs according to the low and high levels of FDM parameter. It estimates the population 
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regression for coefficients. Hence it uses the estimated coefficients (bk) for the involved 
parameters to calculate the fitted value of the response which helps to recognize the 
extent of the parameter influence on the response and the associated optimum level. Each 
parameter in the regression equation has an estimated coefficient associated with it.  
The formula for the coefficient or slope in simple linear regression equation to calculate 
the coefficient of each parameters in the model ( in table 4.2) is: 
    
∑            
∑      
                   
where x denotes the matrix of parameter, including the constant, and y denotes response 
vector.  bk estimates the true intercept and slope of the population regression line. Since 
the observed values for x (parameter) or y (response) vary about their means µx and µy. 
The statistical model stands for the delta variation xi – x and yi  - y, the difference between 
the observed and fitted or mean values.  The predicted result value denotes the mean 
response value for the given predictor values using the estimated regression. Fitted value 
is prediction of the mean response value for the given predicted values using the 
estimated regression equation (1). Using the line in figure 4.5, it can be evaluated that the 
layer thickness affects the response value (Ra) due to the inclined fitted line.  Also it can 
be seen that layer thickness at low level attained the lower Ra. value.  Figure 4.6 shows 
the inclined fitted line for air gap parameter.  It can also be seen that it affects the 
response value.  It shows that the optimum setting is at high level.  This means that the 
high level attained lower response mean. 
(4.1) 
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Figure 4.5 Fitted line plot for layer thickness parameter 
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Figure 4.6 Fitted line plot for air gap parameter 
 
Figure 4.7 shows the inclined fitted line for raster width parameter which shows that 
raster width parameter affects the response value. Also it shows optimum setting for 
raster width at low level where it has attained lower response mean in comparison to high 
level. These results may provide explanation that there are other parameters settings that 
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have led to the reduction of the Ra value in run number 14 although raster width has been 
set to high level.  Fitted line plot of contour width and raster orientation in figure 4.8 and 
4.9, indicate that the impact of low level and high level of both parameters may have 
equal effect on Ra. It cannot be concluded whether the experimental runs included 
contour width and raster orientation at low level have attained lower Ra values than at 
low level. 
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Figure 4.7 Fitted line plot for raster width parameter 
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Figure 4.8 Fitted line plot for contour width parameter 
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Figure 4.9 Fitted line plot for raster orientation parameter 
 
Regression analysis table was used to determine the equation of each parameter in linear 
relationship to Ra response. Also it gives interpretation of the influence of each parameter 
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settings as shown in table 4.2. Analysis of variance (ANOVA) and regression analysis 
use the P-values to determine the significant of the FDM parameter or the parameters 
interaction that affect the Ra response. These methods of analysis are use hypothesis test 
according to the probability or P-value, hence if the P-value is below α-value, the higher 
the probability to reject the null hypothesis and consequently considering the parameter 
or the interaction as significant. The P-values in table 4.2 were used to measure the 
significant effects of FDM parameters.  P-value determines the suitability of rejecting the 
null hypothesis in a hypothesis test.  P-values range from 0 to 1. The P-value is the 
probability of determining a statistical testing that is able to confirm that the variation has 
occurred because of the parameter or interaction.   
The null hypothesis, H
0 
and the alternative hypotheses H
A
, are usually H
0
: μ = μ
0 
and H
A
: 
μ ≠ μ
0
, where μ is the population mean for the data group under study and where μ
0 
is the 
hypothesized population mean.  
   is alpha or the significant level value which is the probability of rejecting H
0 
when H
0 
is true. In this experimental analysis a common value (α = 0.05) is used. If the P-value of 
a test statistic is less than the experimental alpha test, then the null hypothesis (H0) is 
rejected and the parameter or the interaction is then considered significant to influence 
the response characteristic.  
Minitab calculates the F value, which is used to determine the P-value, using the 
following equations: The first step is for the Minitab to calculate the sum of square (SS). 
SS Total is the total variation in the responses data (i.e.: Ra measurements for 
experimental runs). The mean square and mean square error for F factor formula are 
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calculated from the SS regression, which is the fraction of the variation obtained by the 
designed model, while SS error is the fraction, which is not obtained by the model and is 
classified as error.  
The calculations are: 
SS regression = ∑        
                                                                                          (4.2) 
SS error = ∑       
                                                                               (4.3) 
To estimate the different sources of variation in the model 
Notation  
yi  i
th 
observed response value 
yi` i
th 
fitted response value 
y`  mean value 
Then the calculated formula for mean square regression is: 
    
             
             
 
∑         
 
                                                                                  (4.4) 
y` = mean of response 
yi = i
th 
fitted response 
p = number of terms in models 
Also mean square error, which is the variance around the fitted regression line. 
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∑         
     
                                                                                          (4.5) 
yi    i
th 
observed response value 
y`i  i
th 
fitted response 
n  number of observations 
p  numbers of terms in model  
Accordingly the formula for the calculated F-value is: 
 
                                                                                                                                        (4.6)         
       
Also the linear relationship equation in table 4.1 is calculated using the slope value with 
determines by equation (1) and the intercept for each parameter. The formula of intercept 
is as following: 
b0  = Y`  - b1X`                                   (4.7) 
Notation 
X = matrix of predictors or parameters, and Y = response vector 
 
In Table 4.2 the FDM parameters were analysed according to their effectiveness to the 
source of the response Ra. The coefficient value of each parameter provides an estimation 
MS regression 
MS error 
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of the influence of each parameter. Hence the absolute values of each coefficient of input 
parameters were compared to interpret the results. 
              
                          Table 4.2 Regression analysis versus parameters (response: Ra) 
Predictor Coef SE Coef     P 
Constant 15.43 10.10 0.139 
A 5.587 2.980 0.072 
B -7.313 2.980 0.021 
C 11.705 2.980 0.001 
D -0.648 2.980 0.830 
E -2.227 2.980 0.461 
 
As shown in regression analysis (table 4.2) raster width is significant hence its P-value is 
less than α test value.  Also by looking at the regression coefficient value in table 4.2, it 
has the highest coefficient value (11.705), this indicates that raster width parameter has 
the highest impact on the surface quality. In addition the coefficient value for raster width 
parameter is a positive value, which can be interpreted that when the raster width 
parameter is set to high level than the surface roughness becomes higher, or in other 
words, the optimum setting for the raster width parameter is the low level. Also air gap is 
significant but less significant than raster width, hence it has P-value is (0.021) which is 
less than α-value test. Moreover, the negative value of coefficient means that when air 
gap parameter is set to high level then the surface roughness is reduced or becomes 
lower. In addition, the level of parameter significant can be interpreted by the absolute 
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value of the coefficient value. Therefore, raster width (C) has the most significant at 
(11.705), then air gap (B) at (7.313), and then layer thickness (A) at (5.587). Similarly, 
table 4.3 shows that only air gap and raster width are significant hence they have P-value 
less than α, but no interaction is significant. 
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                              Figure 4.10 Main effects plot for means. (Response: Ra) 
 
Figure 4.10 shows the main effects plot for means. This plot is used to identify the most 
FDM parameters that affect the surface roughness response according to the response 
means, which is attained by each parameter level. Therefore, when the mean line is 
parallel to x-axis then it can be concluded that the parameter has no effect on response Ra 
and when the line is inclined then the parameter affects the response by its low and high 
level. Layer thickness, air gap and raster width potentially affect the Ra response since the 
mean line is inclined to x-axis.  However raster orientation may have less effect on Ra, 
while contour width has no effect.  Consequently, air gap at low level has higher average 
response than high level, which means that the response is less when air gap is set to 
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higher level. Also, raster width parameter low level has less average response than high 
level, which means that the response is less when raster width is set to lower value, the 
same for layer thickness. The raster orientation may affect the response slightly, while 
contour width is not significant since its response line is in parallel to x-axis. 
Similarly, table 4.3 ANOVA shows that only air gap and raster width are significant 
hence they have P-value less than α, also they have the highest F factor but no interaction 
is significant. The Adj MS and Adj SS indicate to the delta variation or the influence by 
applying low and high level of each process parameter, these values will be used to 
compare the influence of parameters on each response characteristic.  
Table 4.3 ANOVA table (response: Ra) 
Source DF Seq SS Adj SS Adj MS     F     P 
A 1 249.76 249.76 249.76 2.88 0.109 
B 1 427.78 427.78 427.78 4.93 0.041 
C 1 1096.06 1096.06 1096.06 12.63 0.003 
D 1 3.35 3.35 3.35 0.04 0.847 
E 1 39.69 39.69 39.69 0.46 0.508 
A*B 1 17.49 17.49 17.49 0.20 0.659 
A*C 1 0.37 0.37 0.37 0.00 0.949 
A*D 1 60.78 60.78 60.78 0.70 0.415 
A*E 1 90.12 90.12 90.12 1.04 0.323 
B*C 1 221.66 221.66 221.66 2.55 0.130 
B*D 1 0.88 0.88 0.88 0.01 0.921 
B*E 1 5.04 5.04 5.04 0.06 0.813 
C*D 1 49.15 49.15 49.15 0.57 0.463 
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C*E 1 1.61 1.61 1.61 0.02 0.893 
D*E 1 11.21 11.21 11.21 0.13 0.724 
Residual Error 16 1388.29 1388.29 86.77 
Total 31 3663.24 
 
From tables 4.4, ranking of FDM parameters is introduced in response table for means. 
This ranking is estimated according to each parameter, and also the degree of variation or 
changing in response when the parameter is changed from low level to high level.  
In tables 4.4 Minitab calculates the selected response characteristic (i.e.: average of 
surface roughness) for each factor level combination. Hence for each parameter, Minitab 
calculates the average of the response characteristic as Ra at each level of the parameter. 
For example, for layer thickness parameter the technique is to calculate the mean value at 
low level and the mean value at level high. Then for each parameter, it calculates the 
delta value, which is the resulting absolute value of the average response at the low level 
deducted from the average response at the high level. Hence, the parameter with lowest 
delta value is ranked number 1, and then the parameter with higher delta value becomes 
rank 2 and so on. 
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                                                 Table 4.4 Response table for means 
Level Layer 
thickness 
Air gap Raster width Contour 
width 
Raster 
orientation 
1 (µm) 23.24 29.00 19.63 25.83 27.12 
2 (µm) 28.26 22.50 31.87 25.67 24.38 
Delta (µm) 5.02 6.50 12.24 0.16 2.73 
Rank 3 2 1 5 4 
 
Therefore, it could be concluded that raster width has the most significant effect 
according to its highest delta value. This is followed by air gap parameter. In the response 
table, the affect of each FDM parameter in relation to the variable response Ra is 
confirmed, since the effect of FDM parameters has been analysed previously. 
From the previous analysis, it has been found that the interaction between layer thickness, 
raster width, and air gap is significant according to the evaluated measurements from the 
experimental runs. In figure 4.1, it can be seen clearly that Ra values are at variant, this 
can be physically interpreted that FDM parameters do affect the quality of the Ra values 
of produced parts. Therefore, parts number 1, 2, 3, 4, 10, 11,14,25,26, 27 and 28 have 
lower average roughness values than the other parts. In addition, note the normal 
distribution over a normal range. Some of studies have reported that minimizing build 
layer thicknesses will lead to lower Ra values (Tyberg and Bohn 1999) (Thrimurthulu et 
al., 2004).  
However, some experimental runs have higher level of layer thickness setting as 
25,26,27,28 and they exhibited lower Ra value which means that other FDM parameters 
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also can reduce the surface roughness. The influence of other parameters of FDM that 
reduce surface roughness can be explained by the main effects analysis. Experimental run 
number 14 has the lowest average surface roughness value of 8.45 µm, which has a 
combination of variable parameters settings: layer thickness (A) = 0, air gap (B) = 1, 
raster width (C) = 1, contour width (D) = 0, raster orientation (E) =1, similarly, 
experimental run number 11 has low Ra value of 9.75µm and it has a combination of 
parameters settings: A= 0, B= 1, C= 0, D= 1, E= 0. This can provide evidence that some 
of these parameters settings in these runs can reduce the Ra value. Hence all significant 
parameters that affect surface roughness and also reduce Ra value will be obtained and 
discussed by the analysis of results in this chapter. Figures 4.11a and 4.11b show the 
oscilloscopic evaluation curve generated by Talisurf.  The generated curve of run number 
3 and run number 14 show the influence of FDM parameters on the surface quality. Both 
runs have been set to (low level) of 0.254 mm of layer thickness.  
 
 
Figure 4.11a: Run No.3 oscilloscopic curve 
 
 
Deposited roads 
Gaps between deposited 
roads 
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Figure 4.11b. Run No.14 oscilloscopic curve 
 
For run number 3, the Ra value is 19.51 µm. In this run, air gap parameter was set to 
default setting (low level) or 0 mm, raster width to 0.508 mm and raster orientation set to 
45
o
/-45
o
. The texture of deposited roads can be recognized by sine wave which is 
generated by the measured area of the produced part. Figure 4.11b shows the gap 
between deposited roads. Figure 4.11b shows run 14 with Ra= 8.45 µm. It shows the 
overlapped deposited layers where air gap has been set to negative value or (high level), 
It can be noticed that also the amplitude of sine has been minimized in comparing to sine 
curve in figure 4.11b. The variation between Ra values for these two runs is likely 
because of variation of air gap and raster width parameters according to their significance 
in the previous analysis.  Layer thickness and raster width parameters were found 
significant to influence the surface roughness of FDM produced parts in agreement to 
Anitha et al., (2001) and Galantucci et al. (2009) reports. . Moreover, Scan Electron 
Microscope (SEM) work was done to examine the surface of the parts. In figure 4.12 (A), 
the SEM shows a gap between the deposited roads which may cause rough surface. In 
contrast, figure 4.12 (B) shows more uniform surface according to the overlapped 
deposited roads or filling the gaps between the roads. This is likely has cause firmer and 
smoother surface.  
Overlapped deposited layers 
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Figure 4.12 (B) SEM work for negative air gap effect 
 
Figure 4.13 shows the schematic diagram for the formation of bond between the molecules of 
ABS material and also illustrates the influence of the air gap - raster width – layer thickness 
parameters on surface roughness as concluded according to analysis results. In layer by layer 
fabrication the surface of part is stepped if the height of molecules is increased then the height of 
 
Gaps between deposited roads  
 
 
Smoother surface with overlapped 
roads  
     Figure 4.12 (A) SEM work for positive air gap effect 
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the step is increased too and the surface becomes rougher. Building part with negative air gap for 
-0.01 mm makes the molecules of ABS overlap and the height of the steps between molecules. 
This works with the application of raster width at low level which reduces the width of the 
molecules while the layer thickness application at low level reduces the height of molecules, this 
in effect reduces the height of the steps between the deposited beads of material. Not many 
studies yet included the air gap parameter in their experiments to determine its correlation to the 
outcome of the surface roughness response. In the majority of studies, such as Anitha et al., 
(2001), Ziemian and Crawn, (2001) and Galantucci et al. (2009) the layer thickness and the raster 
width parameters were focused and also found significantly influence the surface roughness of 
the FDM building parts. In this study, air gap parameter was found significantly correlated to 
surface roughness, and also to interact with other process parameters as shown in figure 4.13. 
 
 
Figure 4.13 Effect of air gap parameter on the beads of ABS material 
 
4.3 Dimensional accuracy 
Figure 4.14 shows the fitted plot of layer thickness parameter from the regression 
analysis. It shows the relationship between the layer thickness parameter settings and the 
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dimensional deviations per experimental run. It is interpreted that low setting of layer 
thickness has attained lower mean of dimensional deviation in millimetres than high 
setting.  
highlow
0.17
0.16
0.15
0.14
0.13
0.12
Layer thickness
D
im
e
n
s
io
n
a
l 
d
e
v
ia
ti
o
n
 (
m
m
)
 
Figure 4.14. Fitted line analysis for layer thickness parameter 
 
Hence the runs with low setting of layer thickness have given less than 0.13 mm 
dimensional deviation. Inclined fitted line for layer thickness parameter can be explained 
that this parameter has influence on the obtained dimensional deviation of the produced 
parts, since changing of settings from low to high causes variation in response. Fitted line 
for air gap parameter has different issue than layer thickness parameter according to 
figure 4.15, hence the fitted line is parallel to x-axis which can means that the air gap 
parameter has very low influence on dimensional deviation of the parts or might has no 
influence. Additionally, fitted line plot for raster width parameter in figure 4.16 shows 
that experimental runs with low setting of raster width has obtained lower dimensional 
deviation results. Considering the fitted line, it can be seen that it is inclined which means 
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that raster width has influence on the response. Hence the influence causes variation in 
response when setting changes from low to high. Similarly, contour width parameter is as 
shown in figure 4.17. It can be seen that the experimental runs with contour width set to 
low setting have obtained runs with lower dimensional deviation than high setting, while 
raster orientation has no or very low influence on response for both settings according to 
figure 4.18. 
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Figure 4.15 Fitted line analysis for air gap parameter 
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Figure 4.16 Fitted line analysis for raster width parameter 
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Figure 4.17 Fitted line analysis for contour width parameter 
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Figure 4.18 Fitted line analysis for raster orientation parameter 
 
For the DA response analysis data, according to the regression analysis in table 4.6, it can 
be seen that layer thickness and raster width have significant effect on the response DA, 
contour width parameter is not significant at α = 0.05 test, it is possibly significant at α = 
0.10. Parameters coefficients indicate that all parameters provide a positive effect that 
means that higher value for significant parameters such as contour width or other 
parameter, which less significant may increase the response of dimensional error.   
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Table 4.5 Regression analysis versus parameters (response: DA) 
Predictor Coef  SE Coef     P 
Constant 0.02889   0.01243 0.028 
A 0.010337     0.003665 0.009 
B 0.001400 0.003665 0.706 
C 0.007225 0.003665 0.059 
D 0.006625 0.003665 0.082 
E 0.002137 0.003665 0.565 
 
However, the obtained coefficient value is too small as shown in table 4.6, which means 
the influence of these parameters is too low for targeted response characteristic. By 
comparing the coefficient values in table 4.5 for dimensional error characteristic and the 
coefficient values in table 4.2 for surface roughness characteristic, it can be concluded 
that the effect of FDM parameters on dimensional accuracy is much less than the effect 
of these parameters on the surface roughness of building parts. Similarly, according to 
ANOVA analysis in table 4.6, layer thickness, raster width, and contour width are 
significant, also the interaction of the layer thickness and the contour width are 
significant, where they are less than the alpha test value. Although, the Adj MS and Adj 
SS are very small values in table 4.6 in comparisons to the same values in Ra data in 
ANOVA analysis. This is led to assume that the influence of the predicted results is too 
small on the DA response, or in other words the DA characteristic maybe is subject to 
other external factors or to the variable conditions of the building machine. This is likely 
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because the molten filament is influenced by uneven temperature inside the building 
chamber during the building process or other noise factors. 
Table 4.6 ANOVA table (response: DA) 
Source DF Seq SS Adj SS Adj MS     F     P 
A 1 0.000855 0.000855 0.000855 24.49 0.000 
B 1 0.000016 0.000016 0.000016 0.45 0.512 
C 1 0.000418 0.000418 0.000418 11.96 0.003 
D 1 0.000351 0.000351 0.000351 10.06 0.006 
E 1 0.000037 0.000037 0.000037 1.05 0.321 
A*B 1 0.000017 0.000017 0.000017 0.50 0.490 
A*C 1 0.000029 0.000029 0.000029 0.83 0.377 
A*D 1 0.001800 0.001800 0.001800 51.57 0.000 
A*E 1 0.000001 0.000001 0.000001 0.02 0.902 
B*C 1 0.000057 0.000057 0.000057 1.62 0.221 
B*D 1 0.000071 0.000071 0.000071 2.05 0.172 
B*E 1 0.000220 0.000220 0.000220 6.32 0.223 
C*D 1 0.000001 0.000001 0.000001 0.03 0.855 
C*E 1 0.000036 0.000036 0.000036 1.03 0.324 
D*E 1 0.000002 0.000002 0.000002 0.06 0.805 
Residual Error 16 0.000558 0.000558 0.000035 
Total 31 0.004469 
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Similarly, the main effect plots for DA response in figure 4.19, indicates for three 
significant factors affect the DA, they are: layer thickness, raster width, and contour 
width. Layer thickness low setting has a lower average than 0.144 mm and this is the 
same for raster width. Contour width low setting has an average, which is less than 0.1 
mm. 
 
 
 
 
 
 
 
 
 
 
Figure 4.19 Main effects for means. (Response: Dimensional Accuracy) 
 
Moreover, by looking at table 4.7, it can be observed that the contribution of each factor 
that influences the dimensional accuracy are ranked according to their means of 
responses. It can be seen that contour width is the most significant and can affect the 
dimensional accuracy significantly in comparing with other FDM factors. However, the 
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influence of these parameters did not create a large variation to the dimensional accuracy 
when moving from low level to the high level due to delta values, which is very small.  
Table 4.7 Response Table for Means 
Level Layer 
thickness 
Air gap Raster 
width 
Contour 
width 
Raster 
orientation 
1 (mm) 0.143 0.146 0.143 0.142 0.146 
2 (mm) 0.150 0.148 0.150 0.151 0.147 
Delta (mm) 0.0068 0.0021 0.0069 0.0088 0.0009 
Rank 2 4 3 1 4 
 
 
4.4 Mechanical properties: tensile strength 
Figure 4.20 and figure 4.21 explains the 32 experimental runs and the associated 
responses as ultimate tensile strength and strain. It can be noticed by observing responses 
that runs which have air gap at high level, layer thickness and raster width at low level 
(runs number 10, 11 and 12) have higher tensile strength and strain than others runs. 
Moreover some runs have lower tensile strength hence air gap set to low or default level.  
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Figure 4.20 UTS results of experimentation runs 
 
Figure 4.21 elongation percentages during testing 
 
These results provide perception that ABS material is varying its stiffness and the ability 
to resist the tension according to the variation of building parameters. This is in 
agreement with Rodriguezis et al., (2000), Lee et al., (2005) and Ahn et al., (2002). Thus, 
modifying these building parameters has led to the increase in the tensile strength and the 
strain of built parts. 
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Figure 4.22 Fitted line regression analyses for layer thickness parameter 
 
Figure 4.22 shows the fitted line for layer thickness, the inclined line provides a statistical 
that layer thickness settings can cause variable value of UTS response. Also, by looking 
to the air gap parameter fitted plot shown in figure 4.23, it can be interpreted that runs 
which have air gap parameter set to high level exhibited higher tensile strength than the 
experimentation runs which have air gap parameter set to low level.  
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Figure 4.23 Fitted line regression analyses for air gap parameter 
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Furthermore, as can be seen from figure 4.24 for raster width plot, it indicates that when 
runs have a raster width parameter set to low level, higher tensile strength is achieved for 
that run than the experimental runs which have raster width parameter set to high level.  
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Figure 4.24 Fitted line regression analyses for raster width parameter 
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Figure 4.25 Fitted line regression analyses for contour width parameter 
         
117 
 
 
highlow
37.5
35.0
32.5
30.0
27.5
25.0
raster orientation
te
n
s
ile
 s
tr
e
n
g
th
 (
M
P
a
)
 
Figure 4.26 Fitted line regression analyses for raster orientation parameter 
 
Fitted lines are inclined for layer thickness, air gap and raster width as shown in figures 
4.22, 4.23 and 4.24 respectively, which means that these parameters cause variation in the 
tensile strength of the test specimens while contour width parameter in figure 4.25 has 
very low or no influence on tensile strength. This is also true for raster orientation as 
shown in figure 4.26. 
Regression analysis table 4.8 shows that three FDM parameters, layer thickness, air gap, 
and raster width are significant. Also according to the parameters coefficients, layer 
thickness and raster width have negative effect which means when these parameters 
values become higher the tensile strength become lower. The implication of this finding 
can be used to explain the longer build time for smaller layer thicknesses and the raster 
width.  In contrast, air gap has positive value, which can be interpreted that the high level 
of air gap increases the response of tensile strength.   The coefficient value in table 4.8 
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allows comparing the influence of the FDM parameters on the tensile strength of building 
parts in comparison to the influence of these parameters on average surface roughness 
(table 4.2) and (table 4.5) dimensional accuracy. It can be concluded from this 
comparison of the coefficient values that lower coefficient values is as a result of the 
influence of FDM parameters on the dimensional accuracy. The coefficient values in 
table 4.10 explain that the influence of FDM parameters on tensile strength is much 
higher than dimensional accuracy. Also it can be primarily concluded by observing the 
coefficient values in table 4.2, table 4.5 and table 4.8 that the highest impact of FDM 
parameter is on the average of surface roughness. 
 
Table 4.8 Regression analysis versus parameters (response: UTS) 
Predictor Coef SE Coef P 
Constant 31.157 2.759 0.000 
A -4.4088 0.8136 0.000 
B 5.1000 0.8136 0.000 
C -3.3113 0.8136 0.000 
D 0.3662 0.8136 0.656 
E 0.3388 0.8136 0.681 
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Table 4.9 ANOVA table (response: UTS) 
Source DF Seq SS Adj SS Adj MS      F     P 
A 1 155.497 155.497 155.497 29.82 0.000 
B 1 208.080 208.080 208.080 39.90 0.000 
C 1 87.715 87.715 87.715 16.82 0.001 
D 1 1.073 1.073 1.073 0.21 0.656 
E 1 0.918 0.918 0.918 0.18 0.680 
A*B 1 15.736 15.736 15.736 3.02 0.102 
A*C 1 0.401 0.401 0.401 0.08 0.785 
A*D 1 0.001 0.001 0.001 0.00 0.989 
A*E 1 10.557 10.557 10.557 2.02 0.174 
B*C 1 7.527 7.527 7.527 1.44 0.247 
B*D 1 4.263 4.263 4.263 0.82 0.379 
B*E 1 0.080 0.080 0.080 0.02 0.903 
C*D 1 14.933 14.933 14.933 2.86 0.110 
C*E 1 0.702 0.702 0.702 0.13 0.718 
D*E 1 0.047 0.047 0.047 0.01 0.926 
Residual Error 16 83.440 83.440 5.215 
Total 31 590.969 
                                                   
This is in agreement to Mahapatra et al. (2009) Ahn et al., (2002), Lee et al., (2005) 
hence these studies found that layer thickness, air gap and raster width parameters are 
significantly affect the mechanical properties of FDM produced parts. By comparing the 
obtained Adj mean square values for the tensile strength (table 4.9), dimensional 
accuracy (4.6) and surface roughness (4.3) in ANOVA analysis, it can be concluded that 
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the effect of FDM parameters on the average surface roughness was the highest, while 
the effect of the parameters on the dimensional accuracy was the lowest. Hence, the 
ANOVA model calculates the mean square of each parameter influence according to the 
outcome response. Figure 4.27 illustrates the percentages of the FDM process parameters 
influence on the addressed quality characteristics. These percentages were obtained 
according to the sum of delta variation in responses associated to the process parameters. 
The sum of delta variation was converted to percentage. It can be seen that the influence 
of the process parameters on Ra is the highest, and on the UTS is lower. However, very 
low influence can be statistically detected on the DA. This is likely because the high 
influence of the uncontrollable or noise factors in the experiment, which cause high 
variation on the results and accordingly the detected effects of the controllable process 
parameters, is too low when compared with their effects on Ra and UTS. For example, 
one of the considerable noise factors is the heat transition during the building process that 
affects greatly the glass transition of the deposited material and the shrinkage of the part.   
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              Figure 4.27 Influence of FDM parameters on the Ra, DA, and UTS characteristics  
 
These results can be in agreement to Zmienan and Crawn (2001) hence they concluded 
that the influence of layer thickness and raster width parameters on the dimensional 
accuracy is less significant than their effects on the surface roughness. Some parameters 
were found significant on dimensional accuracy characteristic according to Pennington et 
al., (2005) and Gregorian et al., (2001) such as model temperature and envelope 
temperature. However, these parameters may affect the glass transition of ABS material, 
or lack of laminating the layers. For this reason these parameters were set to default in 
this experiment according to machine specifications. Moreover, mean effect plot for 
effect in figure 4.28 shows that layer thickness and raster width are significant. It shows 
that parameters at low level has larger response mean of tensile strength than high level, 
while air gap is significant where at high level larger mean of tensile strength than low 
level has. Also a small effect of raster orientation can be seen, however this effect on 
tensile strength is not reflected in ANOVA table 4.11. 
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                        Figure 4.28 Main effects plot for means. (Response: UTS) 
 
Table 4.10 indicates to responses for means, it shows approximately the same ranking for 
FDM parameters according to their effect on the tensile strength (MPa). This is because 
delta value is calculated from the difference between the least square of means for level 1 
and level 2 for each FDM parameter.  
Table 4.10 response Table for Means 
 
Level Layer 
thickness 
Air gap Raster width Contour 
width 
Raster 
orientation 
1 (MPa) 30.74 27.56 29.93 28.61 28.27 
2 (MPa) 26.77 29.95 27.58 28.90 29.24 
Delta (MPa) 3.96 2.39 2.35 0.29 0.98 
Rank 1 2 3 5 4 
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A validation experiment has been carried out in order to confirm the predicted results to 
estimates the effect of the optimum parameters. Layer thickness, raster width, and air gap 
are significant. Also the interaction of air gap at high level and raster width at low level 
has been found to be significant. The interaction of layer thickness and raster orientation 
has the lowest significant and this is only reflected from ANOVA table 4.9. It is likely 
that these factors influence inherently the fusion of ABS beads, hence the degree of 
fusion and stacking between deposited beads play an importance role in strengthening the 
FDM parts.  
This is in agreement with Rodriguezis et al. (2000) ,Weinmann et al. (2003) and Sun et 
al. (2008) where concluded in their studies that molecules structure affects the stiffness of 
the parts, and they have justified the weakness of molecules bonding to fibre deposition 
and the presence of voids between beads. Also these studies illustrated that the 
mechanical properties of the FDM parts were negatively affected by lack of strong bond 
between filaments. Accordingly, It has been found in this study that experimental runs 
which have air gap parameter set to high level or negative value at -0.01 mm have 
exhibited better tensile strength and ductility than other experimental runs. This is likely 
because when the molecules of ABS material are overlapped then the fusion between 
them becomes stronger and the neck between these molecules is grows to make these 
molecules better bonded.  
Figure 4.29 shows two building types, as concluded according to the results analysis, the 
first with default air gap hence the molecules just touched each other while the second 
shows when layer are built with negative air gap hence the molecules of ABS material 
are overlapped, then neck between molecules grows and the molecules become more 
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bonded. Moreover, it has been evaluated from analysis that layer thickness and raster 
width are significant at low level. Probably these settings have led to the improvement of 
the stacking of deposited layers besides the effect of air gap that deliver better bonding 
between molecules.  
Also the analysis results suggested that the layer thickness parameter correlated to the 
tensile strength of the FDM parts. In figure 4.30 a scan pictures for two outcomes of the 
experimentation trials demonstrate the effect of the layer thickness parameter on the 
porosity between the ABS beads.  In figure 4.30 (A) the picture shows high level of layer 
thickness parameter where consequently the width of the ABS beads has increased, while 
in figure 4.30 (B) the picture shows the low level of layer thickness where the width of 
ABS bead has been minimised and the porosity between ABS beads minimised too. 
 
Figure 4.29 Influence of air gap parameter on the beads of ABS material 
 
It can be physically interpreted that when the layer thickness was reduced then 
consequently the fibre width (w) was reduced as well (see figure 4.29 (B)). In this 
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condition, the low level of layer thickness minimised the porosity between the ABS 
molecules or beads and increased the amount of fibres into the fracture, this condition has 
led to reinforce the composite structure of the building part. Similarly, the raster width 
parameter is correlated to the tensile strength of the FDM.  
  
Figure 4.30 (A) a fracture of testing part at high level layer thickness 
, (B) a fracture of testing part at low level layer thickness 
 
According to the SEM pictures in figure 4.31, two experimental trials have been taken to 
demonstrate the influence of the air gap, (A) the air gap is set to 0 mm, and (B) the air 
gap set to -0.01 mm, figure 4.31 (A) shows a space between deposited roads or beads of 
material, while figure 4.31 (B) in contrast shows overlapped beads material, also figure 
4.31 (C) shows deposited overlapped roads vertically where observed higher tensile 
strength. This is likely because when the molecules of ABS material are overlapped then 
the fusion between them becomes stronger and the neck between these molecules is 
grows to make these molecules better bonded.   
w 
Porosity between ABS beads 
Porosity between beads when 
reduced 
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                                                                  (B) 
 
 
 
 
 
 
 
  Voids between material beads 
 
Neck growth between beads 
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(C) 
Figure 4.31 SEM detecting pictures of air gap influence on tensile strength 
 
4.5 Pareto chart analysis 
Pareto analysis provides predicted results concerning the effect of the involved 
parameters in this study, using a standardised line which evaluated the effects with 95 % 
confident or less than α= 0.05 common test value, providing the significant effects of 
FDM parameters.  
The red line of the Pareto chart is drawn at the margin of error, which is: 
ME = t*PSE                                      (4.8) 
t is the (1 - a / 2) quartile of a t-distribution with degrees of freedom equal to the (number 
of effects / 3). Hence the degree of freedom per parameter or interaction in the 
 
Overlapped roads 
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experimental design equal to 2, where the number of levels for each parameter in the 
design minus 1.  
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Figure 4.32 Pareto chart for effects (response: Ra) 
 
From figure 4.32 it can be concluded that two parameters are most significant to impact the 
outcome response Ra, raster width (C) is the most significant as it extends more than the air gab 
parameters (B) from the standardised line. Layer thickness (A) was significant according to main 
effect analysis in contrast to Pareto analysis, this maybe regarding the different hypothesis 
measurement method. However, further experimentation will provide more information about 
these important factors. Consequently, the result of main effects plot in figure 4.10 is in 
agreement with the results of Pareto chart in figure 4.32. 
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Figure 4.33 Pareto chart for effects (response: DA) 
 
Furthermore, in figure 4.33 Pareto chart indicates that the interaction of the layer 
thickness and the contour with (AD) can be very significant to influence the DA 
response, then layer thickness (A) is significant to impact the DA and less significant the 
raster width (C) and contour width (D).  
The interaction of air gap (B) and the raster orientation (E) has very low significant 
amount of effect, also it is not in agreement with the previous analysis thus this term was 
neglected in the confirmation experiment.  
Also in figure 4.34, Pareto charts provide a predicted results that three significant 
parameters are influencing the UTS response. Air gap (B) the most significant to impact 
the tensile strength of building part by the FDM as agreed in previous analysis in this 
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chapter, then layer thickness (A) and raster width less significant but other parameters 
and interaction terms are not significant according to the Pareto chart.  
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                            Figure 4.34 Pareto chart for effects (response: UTS) 
 
 
4.6 Validation of optimum settings 
From the results, the predicted combination of the optimum parameters settings of FDM 
process that was assumed to improve Ra response is layer thickness at low level, air gap 
at high level and raster width at low level. The final stage confirms whether these 
predicted parameters levels can actually minimize average surface roughness value or 
not. The part used for confirmation results were produced using predicted optimum 
settings while other FDM parameters, which were insignificant, were set to default 
settings. Then an average of five readings of Ra value been recorded to be compared with 
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some experimental runs, which produced lower Ra within experimental runs as shown in 
figure 4.35.  
 
 
 
 
 
 
 
 
 
Figure 4.35 Validation run compared with other experimental runs 
 
Figure 4.36 shows some experimental runs with lower Ra values in comparison to the 
default and optimum settings. All these runs were at layer thickness = 0.254 mm. It can 
be seen from figure 4.39 that the optimum setting run has a lower Ra value of 8.25µm, 
which was lower than other experimental runs and the default settings run. This result 
confirms that by applying these optimum parameters settings, which was predicted earlier 
in the analysis, can significantly reduced Ra value and minimize variability of the process.  
This result is significant as it can be used in tooling applications for rapid manufacturing. 
For the DA response, the optimum parameters settings, which were predicted in the 
analysis stage, are: layer thickness, raster width and contour width at low level. Normal 
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statistic histogram is useful in visualizing data's central tendency and helps in 
understanding the central tendency of collected data. Figure 4.37 shows the distribution 
of measurements of the benchmark part, which was produced using optimum parameters.  
 
\ 
Figure 4.36 Normal histogram of dimensional deviation of validation run. 
 
Numbers of measured samples are 49 of different geometrical and form features that 
included linear dimensions, flatness, parallelism, circularity and roundness. It can be seen 
that the standard deviation is 0.093 mm that indicates for steepness or spread of the curve 
and mean of 0.03 mm.  
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Figure 4.37 Graph shows validation run in comparing to experimental runs (response: DA) 
 
Figure 4.37 shows the averages of dimensional errors of experimental runs using absolute 
value and compared with the result attained by applying optimum parameters settings. 
Applying the optimum parameters settings has given absolute value for average of 
dimensional error = 0.073 mm. However, there may be some improvement or influences 
by applying the obtained optimum settings. It is likely to justify the variation in the 
dimensional accuracy according to other noise factors or external conditions such as 
humidity, machine conditions, or temperature of building parts. 
For the UTS response, confirmation run has been achieved for average of five tensile 
parts, in order to confirm the predicted optimum parameters settings that affect and 
increase tensile strength.  
The optimum parameters used in this confirmation step are: layer thickness and raster 
width at low level and air gap and at high level. Figure 4.38 shows the confirmation run 
where the predicted parameters settings were applied.  Figure 4.38 confirms that by 
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applying the optimum parameters settings the tensile strength is increased. The ductility 
of the used material is also increased. The confirmation step has strain = 9.74% in 
comparison to previous experimental runs and default settings run shown in figure 4.38. 
 
Figure 4.39 Optimum parameters result versus experimentation and default settings 
 
In addition, In order to verify the influence of these optimum parameters in the analysis 
study, table 4.11 provides a comparison between the predicted results against the actual 
results, which is according to the mean of results. From table 4.11 the accuracy of the 
predicted results can be estimated. A small different can be noticed between predicted 
and the actual results associated with (Ra, DA, and UTS) responses. The mean values for 
the actual experiments were shown improved results for particularly Ra and DA response 
characteristics. This small different between the predicted and the actual results confirms 
that using these combinations can significantly improve the involved characteristics in 
the experimental work. 
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                        Table 4.11 Verification of experiment results (predicted versus actual) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                         Correlation  Predicted Actual 
Response Optimum settings combination Means     Means 
 
Ra 
 
A1 /B2 /A1 
 
 
13.8 µm 
 
 
   8.25µm 
 
DA 
 
 
A1 /C1 /D1 
 
  0.058mm  
 
 0.073mm 
 
UTS 
 
 
A1/B2 /C1 
 
 29.70Mpa                  
 
37.51MPa           
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Chapter five        CONCLUSION AND RECOMMENDATIONS 
 
 
5.1 Conclusion  
In this research, five FDM parameters: (A) layer thickness, (B) air gap, (C) raster width , 
(D) contour width , (E) raster orientation were examined at two variable settings for 
building test parts. Full factor design was used in this research to conduct an 
experimentation plan to determine the optimum parameters settings that affect the output 
characteristic responses as proposed in this study such as surface roughness (Ra), 
dimensional accuracy (DA) and tensile strength (UTS). It has been found that not all 
FDM parameters have impact on the proposed response characteristics; also the FDM 
parameters vary in their influence on each proposed response characteristic. Air gap 
parameter has been proved statistically to influence the surface finish of FDM built parts, 
combined with layer thickness at (0.254 mm) and raster width at (0.508 mm). SEM 
pictures have provided evidence that by applying negative air gap at (-0.01), the beads of 
ABS M-30 overlapped and the voids between the built beads were filled, this resulted in a 
smooth surface construction and a lower Ra value compared with other built parts with 
default settings. Hence, it has been found that the voids between the deposited layers 
caused a roughed surface. Building parts with thinner layers or narrower roads may 
reduce the surface roughness. Furthermore, it has been concluded that negative air gap 
was sufficient to increase the tensile strength of the building parts where by filling the 
porosity or voids the beads has increased significantly the bonding between the deposited 
         
137 
 
beads. SEM pictures provided evidence of beads configuration, where each bead between 
two beads creates a neck bond, which strengthen the attachment. Also other parameters 
were related to tensile strength and were found statistically significant according to main 
effects and Pareto chart such as layer thickness and raster width. Hence lower settings of 
these parameters provided better tensile strength in comparison to default settings. 
Finally, the new finding of this research is the relationship between the air gap parameter 
and the surface quality. It has been found that air gap can improve significantly the 
surface quality without degrading the dimensional accuracy or tensile strength of the 
processed FDM parts; on the other hand, it increases the tensile strength of the produced 
parts. 
The following settings are recommended for building FDM parts:  
 Negative air gap at (-0.01 mm) and layer thickness at (0.254 mm) or raster width 
at (0.508 mm) can be used to reduce surface roughness.  
 When the dimensional accuracy of the parts is targeted, the part orientation can be 
considered. Also contour width can be considered for building specific 
geometrical parts. Layer thickness at (0.254 mm) or raster width at (0.508 mm) 
may produce better dimensional accuracy than higher settings values. 
 When the target is to improve the tensile strength then the negative air gap at (-
0.01 mm) should be applied, also reduce the layer thickness and raster width. 
 Using the optimal part orientation is vital to reduce support material, which will 
lead to reduce building time and improve the surface finish.  
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5.2 Recommendation for future work 
 Studying the application of the contour width may help to understand the 
influence of this control parameter on the building geometrical accuracy and the 
building cost. 
 Using full factor design of three parameters such as raster width, air gap and part 
orientation possibly can be useful to optimize the surface quality, tensile strength, 
and building cost. 
 Optimizing the raster orientation parameter using a combination of different 
angles probably can help to reduce the stresses in some areas in FDM part. 
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APPENDIX 
Probability Plot 
Figure 1 show 42 geometrical features in the final produced benchmark by optimum 
parameters settings. These were evaluated according to the probability plot with 95% 
confidence. According to the plot below it shows that the resulted measurements fall 
within 0.030 mm of mean and 0.093 mm of standard deviation. 
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                                        Figure 1 probability plot of validation run 
 
Measurements  
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The tables (1, 2, 3, 4 and 5) below show the measurement results according to the 
accomplished 32 runs; the results below are in millimetre and referenced from the actual 
dimension in CAD model. 
Table 1 measured dimensions of holes, hemisphere, linear dimension and distances between 
features referenced from the CAD dimensions.  
Runs Average of linear 
dimension 
holes hemisphere Distances 
between features 
1 0.166 0.089 0.088 0.35 
2 0.145 0.063 0.095 0.33 
3 0.151 0.089 0.063 0.33 
4 0.157 0.073 0.096 0.36 
5 0.124 0.094 0.114 0.31 
6 0.130 0.092 0.099 0.31 
7 0.165 0.103 0.097 0.37 
8 0.162 0.077 0.103 0.32 
9 0.125 0.077 0.077 0.31 
10 0.122 0.082 0.086 0.31 
11 0.159 0.084 0.057 0.35 
12 0.161 0.075 0.070 0.34 
13 0.151 0.063 0.086 0.34 
14 0.142 0.081 0.071 0.35 
15 0.160 0.065 0.080 0.36 
16 0.159 0.102 0.071 0.33 
17 0.161 0.092 0.045 0.34 
18 0.140 0.099 0.044 0.30 
19 0.156 0.101 0.018 0.33 
20 0.148 0.102 0.054 0.34 
21 0.160 0.102 0.051 0.33 
22 0.148 0.107 0.048 0.39 
23 0.148 0.123 0.069 0.33 
24 0.128 0.121 0.069 0.30 
25 0.134 0.131 0.028 0.31 
26 0.166 0.132 0.009 0.34 
27 0.165 0.062 0.063 0.36 
28 0.149 0.065 0.062 0.32 
29 0.144 0.144 0.054 0.31 
30 0.168 0.136 0.073 0.34 
31 0.145 0.096 0.054 0.31 
32 0.165 0.118 0.051 0.33 
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Table 2 measured dimensions of angular features referenced from the CAD proposed dimensions. 
 
Runs                           Angular dimensions 
 
40:00:00 
(Dim in CAD) 
Dev in 
degrees 
60:00:00 
(Dim in CAD) 
Dev in 
degrees 
1 39:56:47 0.053 60:25:15 0.420 
2 40:09:47 0.163 60:29:11 0.486 
3 39:54:12 0.096 60:22:04 0.367 
4 40:12:38 0.210 60:15:02 0.250 
5 40:05:27 0.090 60:27:12 0.453 
6 40:12:23 0.206 60:16:22 0.272 
7 39:57:34 0.040 59:53:53 0.101 
8 40:15:15 0.254 59:56:20 0.061 
9 40:20:59 0.349 60:02:50 0.047 
10 40:08:04 0.134 60:10:15 0.170 
11 39:51:24 0.143 60:00:43 0.011 
12 40:10:16 0.171 60:00:13 0.003 
13 40:03:58 0.066 59:54:39 0.089 
14 39:56:40 0.055 60:02:19 0.038 
15 40:10:45 0.179 60:03:43 0.061 
16 39:59:19 0.011 59:57:52 0.035 
17 39:57:27 0.042 60:03:30 0.058 
18 39:57:51 0.035 60:06:01 0.100 
19 40:00:58 0.016 60:08:42 0.145 
20 39:57:41 0.038 59:56:05 0.065 
21 39:56:53 0.051 59:56:28 0.058 
22 39:59:52 0.002 59:57:40 0.038 
23 40:09:24 0.156 59:52:51 0.119 
24 40:05:16 0.087 60:04:28 0.074 
25 39:48:33 0.190 60:12:10 0.202 
26 40:04:43 0.078 60:14:17 0.238 
27 40:10:43 0.178 59:53:52 0.102 
28 39:55:21 0.077 59:54:32 0.091 
29 40:03:57 0.065 59:59:35 0.006 
30 39:55:49 0.069 59:59:33 0.007 
31 40:25:28 0.424 60:03:25 0.056 
32 39:58:59 0.016 60:05:57 0.099 
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                                              Table 3 measured tolerances of flatness  
 
 
 
Runs 
Flatness 
Basement 
1 0.005 
2 0.007 
3 0.016 
4 0.004 
5 0.014 
6 0.007 
7 0.010 
8 0.020 
9 0.005 
10 0.010 
11 0.005 
12 0.001 
13 0.005 
14 0.011 
15 0.003 
16 0.013 
17 0.006 
18 0.002 
19 0.001 
20 0.002 
21 0.008 
22 0.001 
23 0.001 
24 0.004 
25 0.006 
26 0.000 
27 0.015 
28 0.000 
29 0.008 
30 0.003 
31 0.001 
32 0.006 
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                               Table 4 measured tolerances of parallelism of cubes features 
                                                                                  Cube parallelism in (mm) 
Runs Cube (1) 
(X) 
Cube (1) 
(Y) 
Cube (2) 
(X) 
Cube (2) 
(Y) 
Cube (3) 
(X) 
Cube (3) 
(Y) 
Cube (4) 
(X) 
Cube (4) 
(Y) 
1 0.051 0.038 0.105 0.118 0.105 0.118 0.085 0.127 
2 0.075 0.035 0.096 0.099 0.049 0.053 0.056 0.039 
3 0.061 0.280 0.036 0.143 0.064 0.197 0.083 0.271 
4 0.066 0.221 0.018 0.118 0.077 0.096 0.097 0.201 
5 0.059 0.035 0.060 0.069 0.063 0.114 0.048 0.041 
6 0.081 0.008 0.154 0.097 0.035 0.078 0.092 0.026 
7 0.081 0.258 0.018 0.094 0.129 0.112 0.156 0.165 
8 0.040 0.320 0.057 0.075 0.055 0.140 0.081 0.349 
9 0.103 0.036 0.123 0.109 0.044 0.102 0.113 0.025 
10 0.134 0.021 0.123 0.075 0.044 0.076 0.113 0.031 
11 0.059 0.230 0.077 0.143 0.069 0.176 0.027 0.226 
12 0.057 0.229 0.039 0.143 0.054 0.147 0.082 0.301 
13 0.087 0.055 0.146 0.196 0.089 0.114 0.085 0.029 
14 0.110 0.050 0.188 0.161 0.086 0.134 0.119 0.086 
15 0.048 0.239 0.041 0.097 0.037 0.138 0.046 0.278 
16 0.048 0.239 0.041 0.097 0.037 0.138 0.046 0.278 
17 0.055 0.081 0.107 0.116 0.149 0.074 0.128 0.062 
18 0.130 0.140 0.142 0.174 0.172 0.125 0.137 0.016 
19 0.038 0.084 0.109 0.100 0.107 0.134 0.261 0.066 
20 0.046 0.080 0.228 0.105 0.183 0.120 0.055 0.021 
21 0.111 0.139 0.213 0.136 0.134 0.116 0.166 0.034 
22 0.116 0.146 0.144 0.106 0.192 0.083 0.121 0.016 
23 0.100 0.163 0.129 0.129 0.109 0.039 0.060 0.049 
24 0.054 0.077 0.113 0.104 0.200 0.090 0.077 0.032 
25 0.076 0.032 0.058 0.088 0.059 0.123 0.115 0.030 
26 0.397 0.030 0.101 0.108 0.056 0.122 0.140 0.029 
27 0.030 0.154 0.107 0.143 0.138 0.157 0.109 0.153 
28 0.087 0.113 0.140 0.153 0.050 0.196 0.137 0.190 
29 0.280 0.054 0.050 0.062 0.105 0.211 0.061 0.004 
30 0.321 0.046 0.037 0.129 0.101 0.164 0.054 0.047 
31 0.047 0.206 0.071 0.113 0.057 0.171 0.090 0.176 
32 0.011 0.156 0.086 0.122 0.030 0.180 0.032 0.216 
 
 
 
 
 
 
 
 
 
         
161 
 
 
Table 5 measured dimensions of round holes, hemispheres and cylinders deviated from the CAD 
reference dimensions.  
 
Runs Deviation of round hole 
measurements from the CAD actual 
dimension (6 mm) 
Round 
hole 
(1) 
Round 
hole 
(2) 
Round 
hole 
(3) 
Round 
hole 
(4) 
1 -0.122 -0.077 -0.086 -0.071 
2 -0.059 -0.071 -0.079 -0.032 
3 -0.073 -0.082 -0.106 -0.098 
4 -0.064 -0.087 -0.091 -0.050 
5 -0.114 -0.093 -0.114 -0.058 
6 -0.108 -0.094 -0.102 -0.058 
7 -0.079 -0.151 -0.128 -0.056 
8 -0.112 -0.053 -0.100 -0.044 
9 -0.112 -0.053 -0.100 -0.044 
10 -0.071 -0.105 -0.115 -0.040 
11 -0.071 -0.105 -0.115 -0.040 
12 -0.073 -0.086 -0.080 -0.053 
13 -0.081 -0.065 -0.089 -0.040 
14 -0.107 -0.084 -0.092 -0.043 
15 -0.075 -0.073 -0.068 -0.047 
16 -0.098 -0.109 -0.122 -0.088 
17 -0.109 -0.108 -0.050 -0.101 
18 -0.125 -0.107 -0.064 -0.101 
19 -0.109 -0.111 -0.083 -0.115 
20 -0.144 -0.079 -0.045 -0.143 
21 -0.132 -0.114 -0.065 -0.095 
22 -0.107 -0.111 -0.069 -0.135 
23 -0.122 -0.071 -0.152 -0.147 
24 -0.125 -0.142 -0.087 -0.111 
25 -0.118 -0.146 -0.130 -0.137 
26 -0.121 -0.146 -0.128 -0.119 
27 -0.044 -0.091 -0.069 -0.055 
28 -0.048 -0.103 -0.056 -0.030 
29 -0.147 -0.150 -0.138 -0.145 
30 -0.119 -0.152 -0.145 -0.130 
31 -0.093 -0.125 -0.111 -0.029 
32 -0.090 -0.156 -0.105 -0.098 
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       Table 6 measured dimensions of hemisphere referneced from the CAD proposed dimensions 
 Deviation of hemisphere 
measurements from the CAD 
actual dimension  
                  (6 mm) 
Runs Hemisphere 
(1) 
Hemisphere 
(2) 
1 -0.092 -0.085 
2 -0.108 -0.091 
3 -0.076 -0.044 
4 -0.090 -0.103 
5 -0.118 -0.111 
6 -0.108 -0.091 
7 -0.116 -0.079 
8 -0.102 -0.113 
9 -0.083 -0.072 
10 -0.069 -0.103 
11 -0.053 -0.062 
12 -0.068 -0.073 
13 -0.078 -0.094 
14 -0.059 -0.084 
15 -0.086 -0.075 
16 -0.064 -0.078 
17 -0.071 -0.020 
18 -0.070 -0.019 
19 -0.034 -0.003 
20 -0.072 -0.036 
21 -0.075 -0.027 
22 -0.090 -0.006 
23 -0.113 -0.026 
24 -0.097 -0.042 
25 -0.026 -0.030 
26 -0.006 -0.012 
27 -0.062 -0.065 
28 -0.074 -0.048 
29 -0.051 -0.068 
30 -0.067 -0.073 
31 -0.030 0.074 
32 0.024 0.079 
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       Table 7 measured dimensions of cylinder deviated from the CAD proposed dimensions 
 Deviation of Cylinder 
measurements from the 
CAD actual dimension  
(6 mm) 
Runs Cylinder 
(1) 
Cylinder 
(2) 
1 -0.066 -0.103 
2 -0.068 -0.106 
3 -0.108 0.084 
4 -0.108 0.092 
5 -0.060 -0.097 
6 -0.071 -0.090 
7 -0.106 0.079 
8 -0.082 0.072 
9 -0.051 -0.078 
10 -0.060 -0.099 
11 -0.122 0.109 
12 -0.111 0.107 
13 -0.058 -0.076 
14 -0.068 -0.054 
15 -0.092 0.096 
16 -0.197 -0.186 
17 -0.193 -0.186 
18 -0.193 -0.220 
19 -0.185 -0.180 
20 -0.205 -0.203 
21 -0.201 -0.179 
22 -0.182 -0.192 
23 -0.180 -0.182 
24 -0.190 -0.189 
25 -0.071 -0.150 
26 -0.070 -0.135 
27 -0.103 0.073 
28 -0.100 -0.001 
29 -0.135 -0.185 
30 -0.110 -0.172 
31 -0.097 0.019 
32 -0.127 0.053 
 
SEM Pictures 
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Figures (2, 3, 4, 5, and 6) show additional scanning pictures taken by SEM illustrating the 
influence of some FDM parameters on the bead structure of specimens fracture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Crisscross building layers in different raster angles in run number 6 
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                                        Figure 3 Gaps existence between built layers in run 32  
 
 
                                                                                 
 
 
 
 
 
 
 
 
 
 
  
 
                                                          Figure 4 Overlapped layers in part 27 
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Figure 5 Building layers in different building angles 90 degrees and 45 degrees                       
combination in part 6 
 
 
 
 
 
 
 
 
 
 
 
 
          Figure 6 Building layers using raster different angles 45 degrees and – 45 degrees 
in part 32  
 
         
167 
 
 
Residual plots and analysis tables 
Figure 7, 8 and 9 show the residual plots for means, which illustrate the distribution of 
the resulted (Ra, DA measurements and UTS values) around the mean line in residual 
versus fits and order. This test helps to find out if the runs obtained different results to 
check the model assumption for analysis. 
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                                                  Figure 7 Residual plots for means (Response: SR) 
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                                         Figure 8 Residual plots for means (Response: DA) 
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                                     Figure 9 Residual plots for means (Response: UTS) 
 
                                               Table 8 ANOVA table for means (SR) 
Source          DF   Seq SS   Adj SS   Adj MS      F      P 
A                1   249.76   249.76   249.76   2.88  0.109 
B                1   427.78   427.78   427.78   4.93  0.041 
C                1  1096.06  1096.06  1096.06  12.63  0.003 
D                1     3.35     3.35     3.35   0.04  0.847 
E                1    39.69    39.69    39.69   0.46  0.508 
A*B              1    17.49    17.49    17.49   0.20  0.659 
A*C              1     0.37     0.37     0.37   0.00  0.949 
A*D              1    60.78    60.78    60.78   0.70  0.415 
A*E              1    90.12    90.12    90.12   1.04  0.323 
B*C              1   221.66   221.66   221.66   2.55  0.130 
B*D              1     0.88     0.88     0.88   0.01  0.921 
B*E              1     5.04     5.04     5.04   0.06  0.813 
C*D              1    49.15    49.15    49.15   0.57  0.463 
C*E              1     1.61     1.61     1.61   0.02  0.893 
D*E              1    11.21    11.21    11.21   0.13  0.724 
Residual Error  16  1388.29  1388.29    86.77 
Total           31  3663.24 
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 Table 9 Estimated Model Coefficients for Means (SR) 
Term         Coef  SE Coef       T      P 
Constant  26.0894    1.647  15.844  0.000 
A 1       -2.7937    1.647  -1.697  0.109 
B 1        3.6562    1.647   2.220  0.041 
C 1       -5.8525    1.647  -3.554  0.003 
D 1        0.3238    1.647   0.197  0.847 
E 1        1.1138    1.647   0.676  0.508 
A*B 1 1   -0.7394    1.647  -0.449  0.659 
A*C 1 1    0.1069    1.647   0.065  0.949 
A*D 1 1   -1.3781    1.647  -0.837  0.415 
A*E 1 1    1.6781    1.647   1.019  0.323 
B*C 1 1    2.6319    1.647   1.598  0.130 
B*D 1 1   -0.1656    1.647  -0.101  0.921 
B*E 1 1   -0.3969    1.647  -0.241  0.813 
C*D 1 1    1.2394    1.647   0.753  0.463 
C*E 1 1    0.2244    1.647   0.136  0.893 
D*E 1 1    0.5919    1.647   0.359  0.724 
 
                                              Table 10 ANOVA table for means (DA) 
Source          DF    Seq SS    Adj SS    Adj MS      F      
P 
A                1  0.000855  0.000855  0.000855  24.49  
0.000 
B                1  0.000016  0.000016  0.000016   0.45  
0.512 
C                1  0.000418  0.000418  0.000418  11.96  
0.003 
D                1  0.000351  0.000351  0.000351  10.06  
0.006 
E                1  0.000037  0.000037  0.000037   1.05  
0.321 
A*B              1  0.000017  0.000017  0.000017   0.50  
0.490 
A*C              1  0.000029  0.000029  0.000029   0.83  
0.377 
A*D              1  0.001800  0.001800  0.001800  51.57  
0.000 
A*E              1  0.000001  0.000001  0.000001   0.02  
0.902 
B*C              1  0.000057  0.000057  0.000057   1.62  
0.221 
B*D              1  0.000071  0.000071  0.000071   2.05  
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0.172 
B*E              1  0.000220  0.000220  0.000220   6.32  
0.023 
C*D              1  0.000001  0.000001  0.000001   0.03  
0.855 
C*E              1  0.000036  0.000036  0.000036   1.03  
0.324 
D*E              1  0.000002  0.000002  0.000002   0.06  
0.805 
Residual Error  16  0.000558  0.000558  0.000035 
Total           31  0.004469 
 
 
 
Table 11 Estimated Model Coefficients for Means (DA) 
Term           Coef   SE Coef       T      P 
Constant   0.070481  0.001044  67.485  0.000 
A 1       -0.005169  0.001044  -4.949  0.000 
B 1       -0.000700  0.001044  -0.670  0.512 
C 1       -0.003613  0.001044  -3.459  0.003 
D 1       -0.003313  0.001044  -3.172  0.006 
E 1       -0.001069  0.001044  -1.023  0.321 
A*B 1 1   -0.000737  0.001044  -0.706  0.490 
A*C 1 1   -0.000950  0.001044  -0.910  0.377 
A*D 1 1   -0.007500  0.001044  -7.181  0.000 
A*E 1 1    0.000131  0.001044   0.126  0.902 
B*C 1 1    0.001331  0.001044   1.275  0.221 
B*D 1 1   -0.001494  0.001044  -1.430  0.172 
B*E 1 1    0.002625  0.001044   2.513  0.023 
C*D 1 1   -0.000194  0.001044  -0.186  0.855 
C*E 1 1    0.001063  0.001044   1.017  0.324 
D*E 1 1    0.000262  0.001044   0.251  0.805 
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                                              Table 12 ANOVA table for means (UTS) 
Source          DF   Seq SS   Adj SS   Adj MS      F      P 
A                1  155.497  155.497  155.497  29.82  0.000 
B                1  208.080  208.080  208.080  39.90  0.000 
C                1   87.715   87.715   87.715  16.82  0.001 
D                1    1.073    1.073    1.073   0.21  0.656 
E                1    0.918    0.918    0.918   0.18  0.680 
A*B              1   15.736   15.736   15.736   3.02  0.102 
A*C              1    0.401    0.401    0.401   0.08  0.785 
A*D              1    0.001    0.001    0.001   0.00  0.989 
A*E              1   10.557   10.557   10.557   2.02  0.174 
B*C              1    7.527    7.527    7.527   1.44  0.247 
B*D              1    4.263    4.263    4.263   0.82  0.379 
B*E              1    0.080    0.080    0.080   0.02  0.903 
C*D              1   14.933   14.933   14.933   2.86  0.110 
C*E              1    0.702    0.702    0.702   0.13  0.718 
D*E              1    0.047    0.047    0.047   0.01  0.926 
Residual Error  16   83.440   83.440    5.215 
 
 
 
  Table 13 Estimated Model Coefficients for Means (UTS) 
 
Term         Coef  SE Coef       T      P 
Constant  28.2844   0.4037  70.064  0.000 
A 1        2.2044   0.4037   5.461  0.000 
B 1       -2.5500   0.4037  -6.317  0.000 
C 1        1.6556   0.4037   4.101  0.001 
D 1       -0.1831   0.4037  -0.454  0.656 
E 1       -0.1694   0.4037  -0.420  0.680 
A*B 1 1    0.7013   0.4037   1.737  0.102 
A*C 1 1   -0.1119   0.4037  -0.277  0.785 
A*D 1 1    0.0056   0.4037   0.014  0.989 
A*E 1 1   -0.5744   0.4037  -1.423  0.174 
B*C 1 1   -0.4850   0.4037  -1.201  0.247 
B*D 1 1   -0.3650   0.4037  -0.904  0.379 
B*E 1 1   -0.0500   0.4037  -0.124  0.903 
C*D 1 1   -0.6831   0.4037  -1.692  0.110 
C*E 1 1    0.1481   0.4037   0.367  0.718 
D*E 1 1    0.0381   0.4037   0.094  0.926 
 
 
